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Key messages

What is already known about this subject?
►► Longer disease duration and delayed start of 
disease-modifying therapies (disease-modifying 
antirheumatic drugs, DMARDs) are associated 
with poorer disease control in patients with 
rheumatoid arthritis (RA).

►► Prior DMARD use has also been shown to affect 
treatment outcomes in RA.

What does this study add?
►► Our results demonstrated that the number 
of prior DMARDs and disease duration affect 
responses to adalimumab therapy in patients 
with established RA.

►► Number of prior DMARDs appears to limit 
treatment response regardless of disease 
duration.

How might this impact on clinical practice or 
future developments?

►► The use of multiple DMARDs prior to initiating 
therapy with tumour necrosis factor inhibitors 
(in this case, adalimumab) constitutes a poor 
prognostic factor and may also mediate the 
poor prognosis of longer disease duration.

►► This should be taken into consideration for 
future clinical trial design when defining 
inclusion criteria, which currently limit patient 
access mostly by duration of disease but not by 
number of prior DMARDs.

Abstract
Objectives  To determine if disease duration and 
number of prior disease-modifying antirheumatic drugs 
(DMARDs) affect response to therapy in patients with 
established rheumatoid arthritis (RA).
Methods  Associations between disease duration or 
number of prior DMARDs and response to therapy were 
assessed using data from two randomised controlled 
trials in patients with established RA (mean duration, 11 
years) receiving adalimumab+methotrexate. Response to 
therapy was assessed at week 24 using disease activity 
outcomes, including 28-joint Disease Activity Score 
based on C-reactive protein (DAS28(CRP)), Simplified 
Disease Activity Index (SDAI) and Health Assessment 
Questionnaire Disability Index (HAQ-DI), and proportions 
of patients with 20%/50%/70% improvement in 
American College of Rheumatology (ACR) responses.
Results  In the larger study (N=207), a greater number 
of prior DMARDs (>2 vs 0–1) was associated with 
smaller improvements in DAS28(CRP) (–1.8 vs –2.2), 
SDAI (–22.1 vs –26.9) and HAQ-DI (–0.43 vs –0.64) 
from baseline to week 24. RA duration of >10 years 
versus <1 year was associated with higher HAQ-DI scores 
(1.1 vs 0.7) at week 24, but results on DAS28(CRP) and 
SDAI were mixed. A greater number of prior DMARDs 
and longer RA duration were associated with lower ACR 
response rates at week 24. Data from the second trial 
(N=67) generally confirmed these findings.
Conclusions  Number of prior DMARDs and disease 
duration affect responses to therapy in patients with 
established RA. Furthermore, number of prior DMARDs, 
regardless of disease duration, has a limiting effect on 
the potential response to adalimumab therapy.

Introduction
A delay in initiating disease-modifying antirheu-
matic drugs (DMARDs) can negatively affect long-
term outcomes and be associated with greater 
disease activity, more extensive joint damage and 
worsened physical disability in patients with rheu-
matoid arthritis (RA).1 2 Conversely, rapid imple-
mentation of conventional synthetic (cs) DMARDs 
or tumour necrosis factor inhibitors (TNFis) results 
in better disease control than delaying start of 
therapy.3–7

However, longer disease duration is not neces-
sarily associated with reduced clinical respon-
siveness based on observations that patients with 
different disease durations achieve similar outcomes 
in clinical trials.8–10 In contrast, patients with RA 

who have failed methotrexate or TNFi therapy 
have much lower response rates than methotrexate-
naïve patients,11 although it is not clear if these 
differences are primarily related to having failed an 
increasing number of prior DMARD therapies or 
increasing disease duration.

A pooled analysis of 14 RA trials demonstrated 
that prior use of csDMARDs was associated with 
reduced likelihood of treatment response to a 
subsequent csDMARD independently of disease 
duration.12 Similarly, the likelihood of achieving 
28-joint Disease Activity Score (DAS28) response 
(reduction >1.2 points) increased as the number of 
prior biological therapies decreased (p=0.003).13 
In line with this, a lower percentage of patients 
with ≥3 failed TNFi therapies achieved DAS28 
remission compared with patients who failed  

http://www.eular.org/
http://ard.bmj.com/
http://dx.doi.org/10.1136/annrheumdis-2018-214918
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1–2 TNFi therapies in an abatacept study.14 However, it remains 
unknown if response to the first biologic DMARD, in particular 
a TNFi, depends on disease duration or prior numbers of failed 
csDMARDs.

To address this question, we assessed whether use of fewer 
prior csDMARDs, rather than disease duration, might be predic-
tive of achievement of treatment response using data from a 
large, randomised, placebo-controlled clinical trial of adalim-
umab in patients with established RA who had active disease 
despite methotrexate. To confirm the findings, we analysed data 
from an additional smaller adalimumab trial.

Patients and methods
Study designs
This post hoc analysis included data from two trials, DE019 
(NCT00195702) and ARMADA (conducted prior to trial regis-
tration requirement), of which the latter was used to confirm 
the results. The methods and primary results have been previ-
ously published for both trials.10 15 Briefly, both studies were 
randomised, placebo-controlled, double-blind clinical trials that 
evaluated the safety and efficacy of adalimumab versus placebo 
as an add-on therapy to background methotrexate in patients 
with established RA with active disease. Patients in DE019 were 
randomised (1:1:1) to receive 52 weeks of treatment with adali-
mumab 40 mg every other week (eow), adalimumab 20 mg every 
week (ew) or placebo ew+concomitant methotrexate ew.10 
Patients in ARMADA were randomised to receive 24 weeks 
of adalimumab 20, 40 or 80 mg eow or placebo+concomitant 
methotrexate ew.15 Both studies were performed in accordance 
with the International Conference on Harmonisation Guidelines 
for Good Clinical Practice and the Declaration of Helsinki, and 
the study protocols were approved by ethics review boards of 
each study center. Written informed consent was obtained before 
the initiation of study procedures.

This analysis included only patients who received treatment 
with adalimumab 40 mg eow+methotrexate ew in the two trials. 
Data from other dosing regimen groups were excluded from 
this analysis because they are not in clinical use for RA. Patients 
had received prior csDMARDs (see online supplementary table 
S1); prior biological therapy was an exclusion criterion in both 
studies.

Outcomes
Treatment outcomes considered in this analysis included the 
following: American College of Rheumatology (ACR) response, 
defined as ≥20% (ACR20), ≥50% (ACR50) and ≥70% 
(ACR70) improvement from baseline at week 24; mean DAS28 
based on C-reactive protein (DAS28(CRP)); Simplified Disease 
Activity Index (SDAI); and Health Assessment Questionnaire 
Disability Index (HAQ-DI) at week 24. The mean changes from 
baseline to week 24 in DAS28(CRP), SDAI and HAQ-DI were 
also calculated; a reduction in each of these indices indicated 
improvement in disease activity.

The percentages of patients with HAQ-DI <0.5, DAS28(CRP) 
low disease activity (LDA, DAS28(CRP) ≤3.2) and SDAI LDA 
(SDAI ≤11) at week 24 were assessed in subgroups cross-
tabulated for disease duration and number of prior DMARDs.

Statistical analysis
Patients were grouped according to the duration of RA, that 
is, time since diagnosis: ≤1 year, >1 to 5 years, >5 to10 years 
and >10 years for patients in DE019 and ≤5 years and >5 to 
10 years since the diagnosis of RA for patients in ARMADA. 

Patients were also grouped according to the number of prior 
DMARDs received: methotrexate+0 or 1 prior DMARD, 
methotrexate+2 prior DMARDs and methotrexate+>2 prior 
DMARDs for patients in both trials. A separate sensitivity anal-
ysis was also conducted in the DE019 study for patient groups 
based on RA duration tertiles, where patients were divided into 
three equal-sized groups based on RA duration from shortest to 
longest.

The effect of RA duration and number of prior DMARDs 
was determined at week 24 for each treatment outcome in 
each subgroup. Associations between disease duration or extent 
of prior DMARD use variables and efficacy endpoints were 
modelled while controlling for the other variables using multi-
variate regression analysis. Logistic regression was used for 
dichotomous dependent variables, and linear regression was used 
for continuous dependent variables. Subgroups based on disease 
duration and number of prior DMARDs were assigned ordinal 
scores and treated as ordinal covariates. The estimate from the 
logistic model denotes the increase in the odds of ACR response 
per 1-DMARD category increase/1-duration category increase, 
while the estimate from the linear model denotes the increase 
in mean outcome value per 1-DMARD category increase/1-
duration category increase. For regression models with mean 
changes from baseline in DAS28(CRP), SDAI or HAQ as the 
dependent variables, a positive regression coefficient indicates a 
smaller improvement.

Results
Patient population
This analysis included 207 patients from DE019 and 67 patients 
from ARMADA who were treated with adalimumab 40 mg 
eow+methotrexate. In the DE019, RA duration was ≤1 year for 
9 patients (4.3%), >1 to 5 years for 62 patients (30.0%), >5 to 
10 years for 43 patients (20.8%) and >10 years for 93 patients 
(44.9%). The mean numbers of prior DMARDs (including 
methotrexate) in these RA duration groups were 1.4, 2.0, 2.1 
and 2.7, respectively (table 1). Of the 207 patients, 75 (36.2%), 
62 (30.0%) and 70 patients (33.8%) had received metho-
trexate+0 or 1, 2 and >2 prior DMARDs, respectively (table 1). 
All patients in the DE019 study had received prior csDMARDs; 
most common prior csDMARDs were methotrexate (all but one 
patient), hydroxychloroquine (45%) and sulfasalazine (26%; see 
online supplementary table S1).

In the cross-tabulation analysis, the highest percentage of 
patients had received >2 prior DMARDs and had >10 years 
of disease duration (19.8%) followed by those with two prior 
DMARDs and >10 years of disease duration or 0–1 DMARDs 
and >1 to 5 years of disease duration (both 14.0%; see online 
supplementary figure S1).

In ARMADA, the duration of RA was ≤5 years for 51 patients 
(76.1%) and >5 to 10 years for 16 patients (23.9%). A total of 
41 (61.2%), 13 (19.4%) and 13 patients (19.4%) had received 
methotrexate+0–1, 2 and >2 prior DMARDs, respectively 
(table 2). Overall, 76% of patients in the ARMADA study had 
received prior csDMARDs; most common prior csDMARDs 
were gold and gold preparations (52%), sulfasalazine (33%) 
and methotrexate (24%; see online supplementary table S1). In 
the cross-tabulation analysis, the highest percentage of patients 
(50.7%) were in the methotrexate +0–1 prior DMARDs and 
≤5 years of disease duration category (see online supplementary 
figure S1). Not surprisingly, as duration of disease increased, the 
number of prior DMARD treatments also tended to increase in 
both trials (tables 1 and 2).
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Table 1  Baseline demographic and disease characteristics of patients receiving adalimumab+methotrexate in the DE019 study

Mean (SD)*

DE019 (N=207)

Disease duration Prior DMARD treatment

≤1 year
n=9

>1–5 years
n=62

>5–10 years
n=43

>10 years
n=93

MTX+0–1
n=75

MTX+2
n=62

MTX+>2
n=70

Age, years 55.2 (18.0) 51.3 (15.7) 56.6 (12.3) 59.1 (11.1) 58.7 (2.8) 54.4 (14.7) 54.7 (12.9)

Sex, female, n (%) 5 (55.6) 48 (77.4) 33 (76.7) 72 (77.4) 58 (77.3) 50 (80.7) 50 (71.4)

RA duration, years 0.7 (0.2) 3.1 (1.3) 7.1 (1.3) 19.1 (8.0) 9.3 (10.4) 11.3 (9.3) 12.6 (7.5)

Prior DMARD treatments† 1.4 (0.5) 2.0 (1.2) 2.1 (1.3) 2.7 (1.6) 1.0 (0) 2.0 (0) 4.0 (1.1)

DAS28(CRP) 6.4 (1.1) n=8 5.6 (0.8) n=46 5.7 (0.9) n=29 5.8 (0.7) n=69 5.7 (0.9) n=54 5.8 (0.8) n=47 5.7 (0.8) n=51

SDAI 49.0 (17.2) n=8 38.5 (11. 8) n=46 40.1 (13.1) n=29 41.6 (11.1) n=69 40.0 (12.1) n=54 41.9 (12.0) n=47 40.6 (12.5) n=51

HAQ-DI 1.6 (0.9) n=8 1.3 (0.7) n=46 1.3 (0.6) n=29 1.5 (0.6) n=69 1.4 (0.7) n=54 1.4 (0.6) n=47 1.4 (0.7) n=51

*Values are means (SD) unless specified otherwise.
†Including methotrexate.
DAS28(CRP), 28-joint Disease Activity Score based on C-reactive protein; DMARD, disease-modifying antirheumatic drug; HAQ-DI, Health Assessment Questionnaire Disability 
Index; MTX, methotrexate; RA, Rheumatoid arthritis; SDAI, Simplified Disease Activity Index.

Table 2  Baseline demographic and disease characteristics of patients receiving adalimumab+methotrexate in the ARMADA study

Mean (SD)*

ARMADA (N=67)

Disease duration Prior DMARD treatment

≤5 years
n=51

>5–10 years
n=16

MTX+0–1
n=41

MTX+2
n=13

MTX+>2
n=13

Age, years 55.2 (10.4) 61.3 (13.6) 55.5 (10.0) 61.4 (14.6) 55.6 (12.0)

Sex, female, n (%) 38 (74.5) 12 (75.0) 32 (78.0) 10 (76.9) 8 (61.5)

RA duration, years 3.6 (1.2) 6.0 (0.0) 3.9 (1.4) 4.2 (1.7) 4.9 (1.2)

Prior DMARD treatments† 1.3 (1.2) 2.1 (1.5) 0.6 (0.5) 2.0 (0.0) 3.6 (1.0)

DAS28(CRP) 5.7 (0.8) 5.5 (0.9) 5.8 (0.7) 5.4 (0.9) 5.5 (0.8)

SDAI 40.1 (10.6) 37.4 (11.2) 41.5 (10.8) 36.8 (10.4) 35.7 (10.1)

HAQ-DI 1.5 (0.6) 1.6 (0.7) 1.5 (0.5) 1.3 (0.7) 2.0 (0.4)

*Values are means (SD) unless specified otherwise.
†Including methotrexate.
DAS28(CRP), 28-joint Disease Activity Score based on C-reactive protein; DMARD, disease-modifying antirheumatic drug; HAQ-DI, Health Assessment Questionnaire Disability 
Index; MTX, methotrexate; RA, rheumatoid arthritis; SDAI, Simplified Disease Activity Index.

Treatment outcomes
In the DE019 study, the proportion of patients with ACR20, 
ACR50 and ACR70 responses decreased linearly as the number 
of prior DMARDs increased (figure 1A). Although there was a 
general trend towards declining responsiveness with increases in 
disease duration, declines in ACR50 and ACR70 responses were 
primarily seen when comparing patients with a disease duration 
of >5 years versus ≤5 years.

The improvement from baseline in disease activity was 
highest among patients who had received methotrexate+0–1 
prior DMARDs and numerically lowest among those who had 
previously received methotrexate+2 or more prior DMARDs 
(figure 2). In this context, it is noteworthy that baseline disease 
activity in the DE019 trial did not differ much between groups. 
Importantly, disease duration did not have an impact on improve-
ment from baseline to week 24 in disease activity by DAS28(CRP) 
or SDAI. When assessed for physical function, the improvement 
in HAQ-DI from baseline to week 24 decreased with increasing 
number of DMARDs and disease duration (figure 2). Further-
more, mean disease activity (DAS28(CRP) and SDAI) and mean 
absolute HAQ-DI at week 24 showed a numerical increase with 
increasing numbers of prior DMARDs. Results were more varied 
with longer disease duration (see online supplementary figure 
S2A).

In the DE019 study cross-tabulation analysis, higher percent-
ages of patients with fewer prior DMARDs and shorter disease 

duration achieved ACR20, ACR50 and ACR70 responses 
compared with patients with higher numbers of prior DMARDs 
and/or longer disease duration (figure 3). This was also observed 
for achievement of DAS28(CRP) LDA, SDAI LDA and HAQ-DI 
<0.5 (figure 4).

These results were generally confirmed by the ARMADA trial; 
lower ACR20, ACR50 and ACR70 response rates at week 24 
were observed among patients with >2 prior DMARDs+meth-
otrexate versus patients with ≤2 prior DMARDs+methotrexate 
(figure 1B). Similar to observations in DE019, mean DAS28(CRP), 
SDAI and HAQ-DI at week 24 were higher in patients with higher 
number of prior DMARDs (see online supplementary figure S2B). 
Disease duration had no apparent impact on achievement of ACR 
responses in ARMADA (figure 1B) or mean disease activity or 
HAQ-DI at week 24 (see online supplementary figure S2B).

In the ARMADA cross-tabulation analysis, higher percentages 
of patients with fewer prior DMARDs, regardless of disease 
duration, generally achieved ACR20, ACR50 and ACR70 
responses compared with patients with higher number of prior 
DMARDs (see online supplementary figure S3). Similar results 
were observed with achievement of DAS28(CRP) LDA, SDAI 
LDA and HAQ-DI <0.5 (see online supplementary figure S4).

Regression analysis
The multivariate regression analysis of DE019 showed that a 
greater number of prior DMARDs or longer disease duration 
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Figure 1  Percentage of patients with ACR20/50/70 response in subgroups based on prior exposure to DMARDs or prior disease duration in (A) 
DE019 and (B) ARMADA at week 24. ACR, American College of Rheumatology; DMARD, disease-modifying antirheumatic drug; MTX, methotrexate.

was associated with decreased odds of achieving ACR outcome 
criteria at week 24 with significantly decreased odds for achieving 
ACR70 (both with greater number of prior DMARDs or longer 
disease duration) and ACR50 (with longer disease duration 
only; online supplementary table S2). Longer disease duration 
was also associated with significantly smaller improvement from 
baseline to week 24 in HAQ-DI (p<0.05; online supplementary 
table S2). No significant association was observed in the other 
disease activity measures or change in disease activity from base-
line analyses.

Disease duration tertile sensitivity analysis
In the RA duration tertile analysis, 69 patients were allocated 
to each of the groups. The mean±SD RA duration was 2.8±1.4 
years in the first tertile, 8.6±2.5 in the second tertile and 
21.7±7.7 in the third tertile (see online supplementary table S3). 
Patients in the third tertile were more likely to be older, to be 
women and to have used more DMARDs prior to study entry 
than patients in the first or second tertile. Disease activity and 
HAQ-DI were similar between the groups at baseline.

The proportions of patients with ACR responses were lower 
in the second and third tertiles versus the first tertile (see online 
supplementary figure S5). Similarly, patients in the first tertile 
had lower HAQ-DI at week 24 and greater improvement from 
baseline to week 24 in HAQ-DI versus the second and third 
tertiles. However, disease activity and changes in disease activity 
from baseline to week 24 were generally similar between the 
tertiles. Thus, the lack of association between disease duration 
and change in disease activity by SDAI or DAS28(CRP) was also 
seen when disease duration was categorised by tertiles rather 
than fixed cut-off points.

Discussion
The results of this retrospective analysis of DE019, a large, 
randomised, double-blind multicentre clinical trial, showed that 
after 24 weeks of treatment, progressively lower proportions of 
patients achieved improvement of disease activity as the number 
of prior DMARDs increased. This was observed for the cate-
gorical ACR response rates as well as in reduction of contin-
uous composite disease activity measures DAS28(CRP) and 
SDAI. Although a similar trend was observed with increasing 
disease duration, the results were more variable, suggesting that 

number of prior DMARDs may have an independent effect on 
disease outcomes. These results were generally confirmed in 
the smaller ARMADA trial. The most marked differences were 
observed between patients who had received methotrexate +>2 
prior DMARDs as compared with methotrexate with 0–1 prior 
DMARDs.

We have previously demonstrated that HAQ improvement 
decreases with increasing disease duration.16 17 In our current 
analysis, the change in HAQ-DI from baseline to week 24 
decreased with greater number of prior DMARDs and increasing 
disease duration. Furthermore, longer disease duration was asso-
ciated with a significantly smaller improvement from baseline in 
HAQ-DI, and attainment of HAQ-DI <0.5 was also less frequent 
in those who had the most courses of prior DMARDs or longer 
disease duration based on the cross-tabulation analysis. This is in 
line with previous studies that showed that physical function has 
an activity-related and a damage-related component and with 
increasing damage (which accrues with increasing disease dura-
tion), improvement of HAQ-DI becomes more difficult.16 17

Although we noticed the expected trend for increased number 
of DMARDs (from 1.4 to 2.7) with increasing disease duration 
(from  <1 year to  >10 years), disease duration did not differ 
much with increasing number of prior DMARDs (range from 
9.3 years to 12.6 years). This contrasts with reported findings 
of longer disease duration associated with increased number of 
prior DMARDs in a previous study.18 The same study also demon-
strated that longer disease duration and prior use of biologic 
DMARDs (TNFi), but not csDMARDs, was associated with 
significantly reduced likelihood of achieving sustained remis-
sion.18 Association between higher number of prior DMARDs 
and reduced likelihood of achieving treatment response has been 
demonstrated in a few other RA studies,14 19 20 including two 
certolizumab pegol studies.13 21 In our study, a greater number 
of prior DMARDs and longer disease duration were associated 
with significantly decreased odds of achieving improvement as 
measured by ACR response. This relationship for improvement 
in disease activity was also observed in the cross-tabulation anal-
ysis in the DE019 study but not in the ARMADA study, which 
demonstrated better disease outcomes with lower number of 
prior DMARDs irrespective of disease duration. Although a 
direct relationship between increasing disease duration and 
higher number of prior DMARDs to disease activity seems likely, 

https://dx.doi.org/10.1136/annrheumdis-2018-214918
https://dx.doi.org/10.1136/annrheumdis-2018-214918
https://dx.doi.org/10.1136/annrheumdis-2018-214918
https://dx.doi.org/10.1136/annrheumdis-2018-214918
https://dx.doi.org/10.1136/annrheumdis-2018-214918
https://dx.doi.org/10.1136/annrheumdis-2018-214918
http://ard.bmj.com/


1613Aletaha D, et al. Ann Rheum Dis 2019;78:1609–1615. doi:10.1136/annrheumdis-2018-214918

Rheumatoid arthritis

Figure 2  Change from baseline to week 24 in mean DAS28(CRP), SDAI and HAQ-DI in subgroups based on prior exposure to DMARDs or prior 
disease duration in DE019. DAS28(CRP), 28-joint Disease Activity Score based on C-reactive protein; DMARD, disease-modifying antirheumatic drug; 
HAQ-DI, Health Assessment Questionnaire Disability Index; MTX, methotrexate; SDAI, Simplified Disease Activity Index.

there also might be different mechanisms contributing to the 
effect. Thus, the current findings add to previous observations 
that a decreasing responsiveness is due to having failed more 
therapies13 rather than having longer disease duration, although 
there is an obvious overlap between these two. For example, 
more cycles of failing DMARDs might select a phenotype that is 
resistant to a new treatment because different pathogenetic path-
ways may have become ‘imprinted’.22 23 To this end, our analysis 
demonstrated that in patients with established RA, the number 
of prior DMARDs had an impact on disease outcomes, specifi-
cally changes in disease activity.

Overall, our results suggest that long delays and/or the use 
of multiple DMARDs prior to initiating therapy with a TNFi 
(in this case, adalimumab) may actually reduce the potential 
magnitude of the response to the TNFi. However, it must be 
noted that the present analyses only evaluated studies in which 
patients had been treated with prior csDMARD for prolonged 
periods of time rather than using them for only short term if a 

low disease activity was not achieved.24 Therefore, these findings 
pertain to these specific situations, and the impact of the prior 
number of csDMARDs may be different in studies that switched 
csDMARDs rapidly before introduction of biologic DMARDs.25 
Importantly, the European League Against Rheumatism has 
declared the failure of two csDMARDs as a poor prognostic 
marker,26 which is generally in line with the present findings as 
well as other observations.27 Thus, patients who do not respond 
to methotrexate therapy initiated early after a diagnosis of RA 
appear to benefit most from addition of adalimumab.28 These 
analyses demonstrate the benefits of early therapeutic interven-
tion and underscore the need for more standardised treatment 
guidelines for early RA, particularly in socioeconomic regions 
lacking rheumatologists, where patients are often managed or 
monitored by general practitioners or allied health workers. 
Furthermore, these findings should be considered in future trials 
when defining inclusion criteria not only by duration of disease 
but also by number of prior DMARDs.
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Figure 3  Patients achieving ACR20, ACR50 and ACR70 responses in each disease duration and prior DMARD category at week 24 in the DE019 
study. ACR, American College of Rheumatology; DMARD, disease-modifying antirheumatic drug; MTX, methotrexate; NA, not applicable.

Figure 4  Patients achieving DAS28(CRP) LDA, SDAI LDA and HAQ-DI <0.5 responses in each disease duration and prior DMARD category at week 
24 in the DE019. DAS28(CRP), 28-joint Disease Activity Score based on C-reactive protein; DMARD, disease-modifying antirheumatic drug; HAQ-DI, 
Health Assessment Questionnaire Disability Index; LDA, low disease activity; MTX, methotrexate; NA, not applicable; SDAI, Simplified Disease Activity 
Index.

This analysis has certain limitations, including its post hoc 
nature and restriction to adalimumab data; however, differences 
between TNFis are not expected.29 The number of patients 
included in some prior treatment or disease duration stratum 
was small; thus, the analysis lacks sufficient statistical power to 
detect small but potentially statistically significant relationships 
between some prior treatment or treatment duration subgroups 
and treatment outcome. Although generally similar observations 
were made in the ARMADA trial, the confirmation of the results 
was limited by several factors, particularly the much smaller 
patient numbers, which did not provide sufficient power to 
confirm all analyses, and differences in maximum disease dura-
tions and standards of care.

In conclusion, the number of prior DMARDs and disease 
duration affect response to therapy in patients with established 
RA, although the effect of the number of prior DMARDs on 

improvement in disease activity appears to be relevant regardless 
of disease duration. These results support recommendations that 
combination therapy with a biologic agent and methotrexate be 
initiated without delay in patients who do not have a satisfactory 
response to treatment with methotrexate alone.
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Key messages

What is already known about this subject?
►► IgG anti-citrullinated protein antibodies (ACPA) 
are abundantly N-glycosylated within their 
variable domains (V-domains).

What does this study add?
►► ACPA-IgG V-domain glycosylation is already 
extensively present in pre-symptomatic 
individuals who developed rheumatoid arthritis 
later in life.

►► ACPA-IgG V-domain glycosylation increases 
closer to symptom onset and associates with 
anti-CCP2 antibody levels pre-disease.

►► Human leucocyte antigen class II shared epitope 
alleles (HLA-SE) associate with V-domain 
glycosylation and therefore predispose to the 
formation of N-linked glycosylation-sites in 
ACPA-IgG pre-disease.

Abstract
Objective  Anti-citrullinated protein antibodies 
(ACPA) in rheumatoid arthritis (RA) patients display 
a unique feature defined by the abundant presence 
of N-linked glycans within the variable domains (V-
domains). Recently, we showed that N-glycosylation 
sites, which are required for the incorporation of 
V-domain glycans, are introduced following somatic 
hypermutation. However, it is currently unclear when 
V-domain glycosylation occurs. Further, it is unknown 
which factors might trigger the generation of V-domain 
glycans and whether such glycans are relevant for the 
transition towards RA. Here, we determined the presence 
of ACPA-IgG V-domain glycans in paired samples of pre-
symptomatic individuals and RA patients.
Methods  ACPA-IgG V-domain glycosylation 
was analysed using ultra-high performance liquid 
chromatography (UHPLC) in paired samples of pre-
symptomatic individuals (median interquartile range 
(IQR) pre-dating time: 5.8 (5.9) years; n=201; 139 ACPA-
positive and 62 ACPA-negative) and RA patients (n=99; 
94 ACPA-positive and 5 ACPA-negative).
Results  V-domain glycans on ACPA-IgG were already 
present up to 15 years before disease in pre-symptomatic 
individuals and their abundance increased closer to 
symptom onset. Noteworthy, human leucocyte antigen 
class II shared epitope (HLA-SE) alleles associated with 
the presence of V-domain glycans on ACPA-IgG.
Conclusion  Our observations indicate that 
somatic hypermutation of ACPA, which results in 
the incorporation of N-linked glycosylation sites and 
consequently V-domain glycans, occurs already years 
before symptom onset in individuals that will develop RA 
later in life. Moreover, our findings provide first evidence 
that HLA-SE alleles associate with ACPA-IgG V-domain 
glycosylation in the pre-disease phase and thereby 
further refine the connection between HLA-SE and the 
development of ACPA-positive RA.

Introduction
Rheumatoid arthritis (RA) is hallmarked by the 
presence of autoantibodies, such as rheumatoid 
factor (RF) and anti-citrullinated protein antibodies 
(ACPA).1–3 Several genetic risk factors such as the 
human leucocyte antigen class II shared epitope 
(HLA-SE) alleles are associated with ACPA-positive 
RA. Noteworthy, an association with HLA-SE can 
only be found in ACPA-positive disease and is 

mostly lost in ACPA-positive healthy individuals, 
indicating that HLA-SE-restricted T-helper cell 
activity is likely involved in the development of 
ACPA-positive disease and not the initial induction 
of auto-immunity. Presumably, these T-cells provide 
help to ACPA-expressing B-cells that have been 
activated in an earlier phase.4 5 ACPA-IgG are glyco-
proteins that harbour, like all IgG, N-linked glycans 
in the Fc-region located at Asn297.6 Remarkably, 
approximately 90% of ACPA-IgG molecules in sera 
from RA patients are also abundantly glycosylated 
within their variable domain (V-domain).7 Struc-
tural composition analysis revealed that these V-do-
main glycans are mostly biantennary complex-type 
glycans carrying sialic acids.7 8 To undergo N-linked 
glycosylation, a consensus sequence in the protein 
backbone is required (N-X-S/T, where X≠P).9 
Previously, we have shown that N-linked glycosyla-
tion sites in ACPA-IgG V-domains are introduced 
during somatic hypermutation.10 Furthermore, in a 
cross-sectional study of indigenous North American 
individuals, we observed that ACPA-IgG V-domain 
glycosylation is largely absent in ACPA-positive 
subjects that did not transit to RA, while N-linked 
glycans were found on ACPA-positive healthy 
subjects that later developed RA.11
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Figure 1  Representative UHPLC spectra of released N-glycans. (A) UHPLC chromatogram of healthy control IgG after IgG capturing and schematic 
representation of Fc-domain and variable domain (V-domain) derived glycosylation peaks. The six chromatographic peaks (alignment based on Pucić 
et al16) used for the calculation of %V-domain glycosylation are highlighted and the formula is visualised. (B) UHPLC spectra of released N-glycans 
after ACPA-IgG capturing from ACPA-IgG negative control sample (no detectable glycan peaks), ACPA-IgG positive pre-symptomatic individual (V-
domain glycosylation of 55%) and ACPA-IgG positive rheumatoid arthritis sample (V-domain glycosylation of 324%). Assigned are the GP4, GP8, 
GP14, GP19, GP23 and GP24 chromatographic peaks of the IgG glycome based on literature.7 8 Blue square: N-acetylglucosamine, green circle: 
mannose, yellow circle: galactose, red triangle: fucose, pink diamond: α2,6-linked N-acetylneuraminic acid. ACPA, anti-citrullinated protein antibodies.

On the basis of these and other observations, we hypothesise 
that V-domain glycosylation conveys a selective advantage to 
ACPA-expressing B-cells, which potentially plays a pivotal role 
in disease development.10 12 To investigate and understand the 
presence and acquisition of ACPA V-domain glycans in the phase 
preceding arthritis in more depth, we now aimed to analyse the 
presence of V-domain glycans on ACPA-IgG in paired samples of 
pre-symptomatic individuals and RA patients.

Materials and methods
Patient and public involvement
Patients were involved in this study by donating blood at the 
Medical Biobank of Northern Sweden, when attending popula-
tion surveys.

Study cohort
Individuals, diagnosed with RA later in life, were sampled prior 
to symptom onset (median (IQR) pre-dating time: 5.8 (5.9) 
years; n=201; 139 ACPA-positive and 62 ACPA-negative) and 
after diagnosis of RA (n=99, 94 ACPA-positive and 5 ACPA-
negative as specificity control). Further, randomly selected 
control samples (n=43, 3 ACPA-positive and 40 ACPA-negative) 
were included. The RA patients fulfilled the 1987 American 
Rheumatism Association (ARA) classification criteria.13 Descrip-
tive cohort information is presented in online supplementary 
table 1.

ACPA-IgG isolation and V-domain glycan analysis
Experimental procedures for ACPA-IgG isolation, glycan release, 
labelling, UHPLC analysis as well as data processing and analysis 
are described in detail in the online supplementary materials 
and methods. Percentage ACPA-IgG V-domain glycosylation 

was calculated based on the following formula: ((GP19+G-
P23+GP24)/(GP4+GP8+GP14))×100.11 14

Results
ACPA-IgG V-domain glycan profiles were detected in ACPA-
positive pre-symptomatic individuals and RA patients
We analysed individuals who were sampled before symptom 
onset, after diagnosis of RA and randomly selected ACPA-
positive and ACPA-negative control samples from the same 
population. Chromatographic glycosylation peaks (figure  1A) 
could be observed for captured ACPA-IgG of 94 out of 201 pre-
symptomatic individuals (89 ACPA-positive), 80 out of 99 RA 
patients (78 ACPA-positive) and 2 out of 43 control samples 
(1 ACPA-positive and 1 with an anti-CCP2 antibody level <25 
AU/mL). The results obtained strengthen the reliability of the 
method used, as from the samples displaying glycan profiles 
only 8 (4.5%) were derived from ACPA-negative individuals 
(anti-CCP2 antibody level below 25 AU/mL) compared with 168 
glycan profiles (>95%) derived from samples obtained from 
ACPA-positive individuals (online supplementary table 2 and 
online supplementary figure 1). Of note, in 68 ACPA-positive 
samples (40.5%) no glycan profiles, including Fc-glycans (posi-
tive control), could be detected, indicating a limitation of assay 
sensitivity.

ACPA-IgG V-domain glycosylation rises towards symptom 
onset and is already present years before
To address the question when V-domain glycosylation first 
appears, matched paired individuals were sampled before 
symptom onset (between −15 and −0.5 years) as well as after 
diagnosis of RA (between +0.5 and+3 years) and analysed 
for ACPA-IgG V-domain glycosylation (figure  1A).7 The data 
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Figure 2  ACPA-IgG variable domain (V-domain) glycosylation levels of pre-symptomatic individuals and rheumatoid arthritis (RA) patients. (A)
Percentage IgG V-domain glycosylation of healthy control IgG samples, captured ACPA-IgG from pre-symptomatic individuals and RA patients. (B) 
Percentage ACPA-IgG V-domain glycosylation followed over pre-dating time (−15 years before until +3 years after symptom onset) for 29 matched 
paired pre-symptomatic and RA samples that showed detectable V-domain glycan profiles. 0 indicates onset of RA. ACPA-IgG V-domain glycosylation 
increases towards disease onset (p=0.043, paired t-test). (C) Scatter plot of percentage ACPA-IgG V-domain glycosylation and anti-CCP2 antibody 
levels in pre-symptomatic individuals (rs=0.504, p<0.001). (D) Scatter plot of percentage ACPA-IgG V-domain glycosylation and anti-CCP2 antibody 
levels in RA patients (rs=0.169, p=0.133). Significant differences are indicated by ***p<0.001 and ****p<0.0001. The cut-off used for ACPA-IgG V-
domain glycan peaks is defined as the average of the area under the curve (AUC) sum intensity of all blank sample peaks plus x* standard deviation 
(x=value defined as such that all blank and ACPA-negative healthy donor control samples fall below the cut-off). ACPA, anti-citrullinated protein 
antibodies

obtained revealed that V-domain glycosylation was already 
present in pre-symptomatic individuals (figure  2A). Interest-
ingly, ACPA-IgG V-domain glycosylation increased over time 
(p<0.001) reaching a mean of 111.4% at symptom onset, 
showing that, on average, more than one N-glycan is present 
within the V-domain of these ACPA-IgG. Likewise, also anal-
yses of the 29 matched pairs, with detectable V-domain glycan 
peaks, showed an increase of ACPA-IgG V-domain glycosyla-
tion towards disease onset (p=0.043, paired t-test) (figure 2B). 
Furthermore, we observed that rising V-domain glycosylation 
levels in pre-symptomatic individuals correlated moderately with 
anti-CCP2 antibody levels (rs=0.504, p<0.001) (figure  2C). 
This correlation could not be detected anymore after disease 
development (figure 2D).

ACPA-IgG V-domain glycosylation associates with HLA-SE
To investigate possible associations of ACPA-IgG V-domain glyco-
sylation pre-disease and cohort characteristics, we performed a 
logistic regression analysis using detectable ACPA-IgG V-domain 
glycans versus non-detectable glycan profiles as an outcome. 
The statistical analysis showed no association between V-domain 
glycosylation and ‘sex’ or ‘ever smoking’. Interestingly, an asso-
ciation between ACPA-IgG V-domain glycosylation and HLA-SE 
was observed (OR=1.97, p=0.043). This association remained 

significant after adjusting for anti-CCP2 antibody status, and 
pre-dating time (OR=2.46, p=0.023) as well as after adjusting 
for RF and pre-dating time (OR=2.54, p=0.015) (table  1). 
However, this association was non-significant after correcting 
for anti-CCP2 antibody levels although a clear trend remained 
(OR=2.06, p=0.086). In contrast, no association was found 
when a reciprocal analysis was performed addressing the ques-
tion whether HLA-SE associates with anti-CCP2 antibody posi-
tivity pre-disease (OR=1.01, 95% CI 0.51–1.98).

Discussion
In this study we have captured ACPA-IgG from pre-symptomatic 
individuals and RA patients and analysed their glycan profiles 
using UHPLC. The observed glycan profiles were derived from 
samples of ACPA-positive individuals in more than 95% of the 
cases. These results indicate the high reliability of the imple-
mented methodology (online supplementary figure 1). Glycan 
profile detection in 8 out of 107 ACPA-negative samples may 
be explained by the presence of ACPA-levels slightly below the 
ELISA cut-off. In fact, three out of these eight subjects in whom 
ACPA V-domain glycans were detected, while displaying ACPA-
negativity based on the ELISA cut-off, had been tested positive 
for reactivity towards other citrullinated-antigens, which could 
explain capturing by the CCP2-coated beads. A clear limitation 
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Table 1  Logistic regression analysis of samples from pre-symptomatic individuals with detectable versus non detectable ACPA-IgG glycan profiles

Variable

Simple Multiple Multiple Multiple

OR 95% CI P value OR 95% CI P value OR 95% CI P value OR 95% CI P value

Anti-CCP2 ab +/− 20.29 7.63 to 53.94 <0.001 32.13 10.54 to 97.91 <0.001 – –

Anti-CCP2 ab levels 1.005 1.003 to 1.007 <0.001 – 1.005 1.003 to 1.008 <0.001 –

RF +/− 7.36 3.91 to 13.88 <0.001 – – 7.59 3.85 to 14.96 <0.001

Sex m/f 0.78 0.44 to 1.38 0.393 – – –

Ever smoking y/n 0.72 0.394 to 1.317 0.286 – – –

HLA-SE +/− 1.97 1.022 to 3.806 0.043 2.46 1.13 to 5.33 0.023 2.06 0.90 to 4.70 0.086 2.54 1.20 to 5.36 0.015

Pre-dating time, years 1.077 0.999997 to 1.16 0.050008 0.94 0.85 to 1.04 0.206 0.98 0.89 to 1.08 0.747 1.01 0.93 to 1.10 0.804

ACPA, anti-citrullinated protein antibodies; HLA-SE, human leucocyte antigen class II shared epitope.

of the present study is that not all ACPA-positive samples could 
be analysed for the presence of V-domain glycans as not all 
glycan profiles, including Fc-glycans, could be detected. This is 
likely due to technical constraints such as low ACPA-levels or 
limited sample amounts.

At present ACPA-IgG is used as one of the most relevant 
biomarkers in RA. However, ACPA detection in subjects at risk 
does not always correlate with the progression to RA.15 Our data 
show that N-linked V-domain glycans are a specific feature of 
ACPA-IgG, which can be present already years before RA onset. 
These results are in line with a recent study indicating that the 
presence of V-domain glycans could potentially be used as a 
biomarker to identify ACPA-subjects at risk to develop RA.11 
Together our studies show that V-domain glycosylation occurs in 
almost all ACPA-positive subjects who will develop RA despite 
different ethnic and environmental backgrounds. Moreover, the 
current study shows that V-domain glycans appeared already up 
to 15 years before diagnosis (figure 2B). Furthermore, our data 
reveal that V-domain glycosylation increases towards disease 
onset, conceivably due to the generation of de novo N-glyco-
sylation sites or the expansion of N-glycosylation site-bearing 
clones, and that this increase associates with higher ACPA-levels 
(figure 2C). These results are in line with the notion that ACPA-
expressing B-cells gain a selective advantage through the genera-
tion of V-domain glycans.

Additionally, we did observe an association between ACPA-IgG 
V-domain glycosylation pre-disease and HLA-SE alleles. This 
association remains after including anti-CCP2-status into the 
model. Likewise, a clear, although non-significant trend remains 
after correcting for anti-CCP2 antibody levels.

Unfortunately, we could not study a possible correlation 
between V-domain glycosylation and epitope spreading of 
the ACPA-response as we did not have sufficient data on the 
citrullinated-epitope recognition profile of the samples avail-
able. Nonetheless, an association between HLA-SE status and 
ACPA-IgG V-domain glycosylation is intriguing as it suggests that 
HLA-SE predispose to the formation of N-linked glycosylation-
sites in ACPA pre-disease and not to ACPA-positivity itself. This 
assumption is in line with findings indicating that the association 
between HLA-SE and ACPA-positivity is mostly lost in healthy 
individuals.4 5 However, although appealing, additional replica-
tion is warranted as the present study could have introduced bias 
due to for example, limited sample size or assay sensitivity. None-
theless, we consider it highly relevant to perform such studies as 
it could provide novel insights into the role of HLA-SE-restricted 
T-cells on the development of ACPA-positive RA. HLA-SE T-cells 
might facilitate the introduction of N-linked glycosylation sites 
on ACPA-expressing B-cells allowing their expansion as conceiv-
ably explaining the rise in ACPA-levels pre-disease.

In summary, our data disclose that V-domain glycosylation 
precedes the development of ACPA-positive RA and may serve 
as aid to improve current algorithms predicting RA-development 
thereby allowing early treatment of high risk individuals. Note-
worthy, our findings suggest that the action of HLA-SE could be 
explained by the contribution to facilitate the introduction of 
N-linked glycosylation sites into ACPA-IgG pre-disease.
Correction notice  This article has been corrected since it published Online First. 
An error has been corrected in the abstract.
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Key messages

What is already known about this subject?
►► Anticitrullinated protein/peptide antibodies 
(ACPAs) exist prior to the onset of rheumatoid 
arthritis (RA), however, it is unclear how 
autoimmunity in some but not all cases 
translate into manifest joint inflammation.

What does this study add?
►► Cellular stress and pro-inflammatory mediators 
(interleukin-8) can sensitise synovial fibroblasts 
to ACPAs by enhancing protein arginine 
deiminase enzyme expression and cellular 
citrullination.

►► ACPAs promote synovial fibroblast migration 
through a phosphoinositide 3-kinase-mediated 
mechanism.

►► Different monoclonal ACPAs have distinct 
cellular effects with three clones increasing 
migration of challenged fibroblasts, with 
no effect on osteoclasts and another clone 
increasing osteoclast differentiation with no 
effect on fibroblasts.

How might this impact on clinical practice or 
future developments?

►► Our results suggest that unique ACPAs may be 
responsible for specific pathological features in 
ACPA+RA.

►► Inducible protein citrullination could be a key 
event in the transition of a systemic humoral 
autoimmunity towards the inflammation of the 
joints.

Abstract
Objectives  Rheumatoid arthritis (RA)-specific anti-
citrullinated protein/peptide antibodies (ACPAs) might 
contribute to bone loss and arthralgia before the onset 
of joint inflammation. We aimed to dissect additional 
mechanisms by which ACPAs might contribute to 
development of joint pathology.
Methods  Fibroblast-like synoviocytes (FLS) were 
isolated from the synovial membrane of patients with RA. 
The FLS cultures were stimulated with polyclonal ACPAs 
(anti-CCP-2 antibodies) purified from the peripheral 
blood of patients with RA or with monoclonal ACPAs 
derived from single synovial fluid B cells. We analysed 
how ACPAs modulate FLS by measuring cell adhesion 
and mobility as well as cytokine production. Expression 
of protein arginine deiminase (PAD) enzymes and protein 
citrullination were analysed by immunofluorescence, and 
signal transduction was studied using immunoblotting.
Results  Challenge of FLS by starvation-induced stress or 
by exposure to the chemokine interleukin-8 was essential 
to sensitise the cells to ACPAs. These challenges led to an 
increased PAD expression and protein citrullination and 
an ACPA-mediated induction of FLS migration through 
a mechanism involving phosphoinositide 3-kinase 
activation. Inhibition of the PAD enzymes or competition 
with soluble citrullinated proteins or peptides completely 
abolished the ACPA-induced FLS migration. Different 
monoclonal ACPAs triggered distinct cellular effects in 
either fibroblasts or osteoclasts, suggesting unique roles 
for individual ACPA clones in disease pathogenesis.
Conclusion  We propose that transient synovial insults 
in the presence of a certain pre-existing ACPA repertoire 
might result in an ACPA-mediated increase of FLS 
migration.

Introduction
Anti-citrullinated protein antibodies (ACPAs) are 
present in a majority of patients with rheumatoid 
arthritis (RA) and are specific for this disease.1 They 
consist of a group of antibodies with different spec-
ificities towards citrullinated antigens that might 
cross-react with other protein modifications but not 
with the native proteins2–4 and have been suggested 
to contribute to joint pain and bone loss already 
before onset of joint inflammation in RA.5–8 In line 
with this, we and others have shown that polyclonal 
ACPAs bind to the surface of developing osteoclasts 
(OC) and suggested that reactivity to citrullinated 

targets increase OC differentiation and bone loss.9 10 
Furthermore, experiments in mice have shown that 
polyclonal ACPAs (defined as anti-CCP-2 IgG 
antibodies) induces pain-related behaviours even 
though no joint inflammation develops,11 similar 
to the predisease stage of pain described in ACPA-
positive individuals. We originally proposed that 
this, as well as ACPA-induced bone loss in mice, 
occurred through an interleukin (IL)-8-dependent 
and citrulline-specific mechanisms.10 11 However, 
recent papers and corrections12 13 this year have led 
to a reconsideration and extension of the concept. As 
such also other RA-derived monoclonal antibodies 
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than those with citrulline reactivity and immune complexes are 
able to cause functional effects similar to those of polyclonal 
ACPAs, through different mechanisms that are potentially 
distinct between autoantibody subsets and might include both 
antigen-driven and Fcγ receptor activation-driven pathways.14–16 
Taken together, these data suggest a new concept where different 
RA-associated antibodies with different reactivities contribute to 
bone loss and pain, potentially through different mechanisms, 
a complex scenario that requires additional investigations. The 
need for these investigations and the ways of performing them 
has been highlighted in a recent editorial.17

Previous studies have shown that in the presence of pre-
existing joint inflammation in mice, transfer of a monoclonal 
ACPA may enhance synovial tissue injury,18 suggesting that 
additional local stimuli might be essential for sensitisation of 
the synovial compartment to effects of antibodies. In the syno-
vial tissue, fibroblast-like synoviocytes (FLS) contribute to an 
inflammatory stroma that promote and amplify tissue-specific 
immune activation through the release of various cytokines and 
have the capacity to grow into the cartilage surface and create 
an erosive interface by producing tissue remodelling proteases, 
such as matrix metalloproteinases and cathepsins.19 RA-derived 
FLS have also an increased migration capacity, a feature that 
might contribute to disease propagation within and in between 
the joints.20 21

In the present report, we investigated ACPA effects on FLS. We 
demonstrate that stimuli such as cellular stress and/or exposure 
to pro-inflammatory mediators are needed for the sensitisation 
of FLS to ACPAs. Furthermore, some but not all ACPAs are able 
to affect FLS. Our findings thereby suggest that transient syno-
vial insults in the presence of certain pre-existing ACPA clones 
might act in concert to promote ACPA-mediated FLS migration.

Materials and methods
Additional detailed information is provided in online supple-
mentary file.

Patient material
Polyclonal ACPA IgGs (anti-CCP2 antibodies) and non-ACPA 
control IgGs were purified from a pooled serum of patients 
with RA22 and from non-pooled sera of four ACPA-positive 
patients with RA (for details see online supplementary file). 
Using a similar method, polyclonal antiproteinase 3 (PR3) IgGs 
and non-anti-PR3 control IgGs were purified from the sera of 
a patient with PR3-associated vasculitis. Monoclonal antibodies 
were isolated from patients with RA as previously described2 4 15 
and recombinantly expressed as IgG1. All IgG underwent exten-
sive quality control testing including specificity evaluation, size 
exclusion chromatography aggregation test and limulus amebo-
cyte lysate (LAL) endotoxin test.23 F(ab’)2 antibody fragments 
were generated and RF IgM antibody was purchased from 
Athens Research & Technology (Georgia, USA). RA-derived 
and osteoarthritis (OA)-derived synovial fibroblasts as well as 
human dermal fibroblasts were used in cell culture experiments. 
Synovial biopsies were obtained from four healthy volunteers 
and four patients with RA. Patients were enrolled at Karolinska 
University Hospital. Informed consent was obtained according 
to the protocol approved by the Ethical Review Committee 
North of Karolinska University Hospital.

Migration and adhesion assays
Fibroblast migration was assessed by IncuCyte Zoom live 
cell imaging system or by scratch assay. Adhesion assays were 

performed using 16-well E-plates and the xCELLigence System 
Real-Time Cell Analyzer (ACEA Biosciences, USA). When indi-
cated, the cells were washed with phosphate buffered saline 
and starved for 2 hours in medium without fetal bovine serum. 
Citrullinated or native human purified fibrinogen, recombinant 
vimentin, α-enolase and histone H4 were added as pretreatment 
to ACPA and control IgGs at 4°C overnight. Phosphoinositide 
3-kinase (PI3K) was inhibited by wortmanin and phosphatase and 
tensin homolog (PTEN) by SF-1670 (Sigma-Aldrich, Stockholm, 
Sweden). PAD activity was inhibited by Cl-amidine (Cayman 
Chemical, Ann Arbor, Michigan, USA) or GSK199 (kind gift 
from Aaron Winkler, Pfizer) for 72 hours prior to scratching. 
Histone acetyltransferase or deacetylase enzymes were inhibited 
by anacardic acid or trichostatin A (Sigma-Aldrich, Stockholm, 
Sweden), respectively. Fibroblasts were cultured in the presence 
or absence of IL-8 (R&D Systems, Abingdon, UK) or tumour 
necrosis factor (TNF)-α (Peprotech, London, UK). Cytokine 
levels were analysed using the Cytometric Bead Array (BD Biosci-
ences, San Diego, California, USA) and matrix metalloprotein-
ases were measured by ELISA (R&D Systems, Abingdon, UK).

Immunohistochemistry and confocal microscopy
FLS were stained with indicated primary antibodies followed 
by horseradish peroxidase (HRP)-conjugated antibodies and 
developed by Vectastain Elite ABC and DAB (Vector Laborato-
ries, Peterborough, UK) and then counterstained with Mayer’s 
haematoxylin. For confocal microscopy, cells and tissues incu-
bated with primary and secondary antibodies and then counter-
stained with 4,6-diamidino-2-phenylindole.

Mass spectrometry
Starved and non-starved FLS whole cell lysate were analysed by 
mass spectrometry for detection of citrullination.

Western blot analysis
Cells lysates were loaded an SDS-PAGE gel (Bio-Rad, Solna, 
Sweden), transferred to nitrocellulose membranes and incubated 
with primary antibodies and peroxidase-conjugated secondary 
antibodies.

Flow cytometry
Cells were collected using non-enzymatic detachment reagent 
(Sigma-Aldrich, Stockholm, Sweden), stained by fluorochrome-
labelled antibodies and analysed by FACSVerse flow cytometer 
(BD Biosciences, San Jose, California, USA).

Statistical analysis
The data were analysed using either Kurskal-Wallis test followed 
by Dunn’s multiple comparation test or two-way analysis of vari-
ance, followed by Tukey’s post hoc test by using GraphPad Prism 
6 software (GraphPad Software, San Diego, California, USA). P 
values <0.05 were considered to be statistically significant.

Results
Polyclonal ACPAs enhance migration and adhesiveness in 
starved FLS
To test if FLS are or might be rendered sensitive to ACPAs, we 
compared the effects of polyclonal ACPA and non-ACPA control 
IgGs on FLS migration in both basal conditions and after chal-
lenging by a 2-hour serum starvation. Neither polyclonal ACPA 
IgGs nor non-ACPA control IgGs had any effect on the migration 
of non-starved FLS (figure  1A). In contrast, polyclonal ACPA 
IgGs, but not non-ACPA control IgGs, increased the migration 
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Figure 1  Increased mobility and adherence of synovial fibroblasts in presence of polyclonal ACPAs. Cell mobility was analysed during a period of 
6 hours in the presence of 1 µg/mL polyclonal ACPA IgGs (ACPA) or non-ACPA control IgGs (IgG) or without antibody treatment (-) in both non-starved 
(A) and starved (B) fibroblast cultures. The graphs represent mean±SD values obtained from 10 independent experiments, using cells of 10 different 
patients and 6 replicates for each treatment. Dot line indicate migration index of non-treated FLS. Image-based evaluation of cell migration in starved 
fibroblast cultures were performed using phase contrast microscopy with 10x magnification (C). Real-time cell migration was measured in the 
presence of 1 µg/mL ACPA or control IgG or without any treatment in non-starved (D) and starved (E) fibroblast cultures using IncuCyte. The graphs 
represent mean±SD values obtained by using cells from 10 individuals patients and 6 replicates in 10 independent experiments. A titration experiment 
was performed on starved synovial fibroblasts with presence of ACPA (F) and anti-PR3 (G) with indicated concentrations. (H) Cell mobility were tested 
on starved FLS with presence of 1 µg/mL anti-MDA antibodies (1276:01F04, 1362:03H05 and 146+:01G07). The graphs represent mean±SD values 
obtained from five replicates in three independent experiments for anti-PR3 titration and anti-MDA antibodies. Starved FLS mobility was analysed by 
combining 0.5 µg/mL ACPA with 0.5 µg/mL IgM RF (I) and 1 µg/mL ACPA with 1 µg/mL IgM RF (J). The graphs represent mean±SD values obtained from 
three different patients with six replicates in three independent experiments. Effect of ACPA IgGs fractions prepared from individual blood samples 
were tested on starved synovial fibroblasts using the indicated concentrations (K). The graphs represent results obtained from cells of three different 
patients, using six replicates in three independent experiment. Real-time cell adherence was monitored in the presence of 1 µg/mL ACPA, control IgG 
or without antibody treatment in starved fibroblast cultures for up to 6 hours. The chart shows representative results in one experiment (L), whereas 
the graph indicates mean±SD values of slope during real-time cell adherence assay, calculated from five different patients with three replicates 
in five independent experiments (M). *P<0.05. ACPA, anticitrullinated protein/peptide antibody; FLS, fibroblast-like synoviocytes; PR3, polyclonal 
antiproteinase 3; ns, not significant; RF, rheumatoid factor.
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index of starved FLS with a mean±SD fold of 2.6±0.3 for 
ACPA IgGs as compared with 0.95±0.2 for non-ACPA control 
IgGs, p<0.05 (figure 1B,C). ACPA IgGs had no effect on cell 
viability and proliferation (online supplementary figure 1). 
Similar results were seen for OA-derived synovial fibroblasts and 
human dermal fibroblasts (online supplementary figure 2). The 
increase in cell mobility was observed as early as 6 hours and 
was stable up to 20 hours after ACPA exposure (figure 1D,E). 
Dose titration showed an optimal effect at 1 µg/mL (figure 1F). 
In contrast, polyclonal anti-PR3 autoantibodies prepared in a 
similar way as ACPA showed no effect on starved FLS migration 
at doses as high as 5 µg/mL (figure  1G). Furthermore, mono-
clonal anti-malondialdehyde(MDA) antibodies obtained through 
the same methodology as the monoclonal ACPAs had no effect 
on FLS migration (figure  1H). Interestingly, addition of IgM 
RF to the cultures significantly potentiated the effect of subop-
timal (figure 1I) but not higher concentrations of the polyclonal 
ACPAs (figure 1J), while showing no effect when used alone (at 
doses as high as 5 µg/mL, online supplementary figure 3). Some 
but not all ACPA IgG fractions prepared from individual blood 
samples were able to recapitulate the effect observed with the 
ACPA IgGs prepared from pooled blood samples (figure 1K).

Besides migration, ACPA IgGs were able to increase adhesive-
ness of starved FLS (figure 1L), with an average slope increase 
of 0.44±0.04 for polyclonal ACPA IgGs as compared with 
0.24±0.05 for non-ACPA control IgGs, p<0.05 (figure  1M). 
Notably, ACPAs did not influence either matrix invasion (data 
not shown), matrix metalloproteinases production or cytokine 
and chemokine levels (online supplementary figure 4).

Inducible protein citrullination is essential for the ACPAs 
effect on FLS migration
To investigate the mechanisms that render FLS sensitive to 
ACPAs, we analysed the expression of PAD-2 and PAD-4, two 
PAD enzymes known to be present in RA synovium,24 and 
cellular citrullination following serum starvation. Non-starved 
FLS express low levels of intracellular PAD-2 and PAD-4 and 
do not bind polyclonal ACPA (figure 2A, upper panel). Cellular 
starvation significantly increased PAD-2 and PAD-4 enzymes 
expression in a majority of the cultured cells, as well as the 
amounts of citrullinated proteins labelled by polyclonal ACPA 
IgGs (figure 2A, lower panel and online supplementary figure 5). 
This was confirmed by mass spectrometry showing an increase 
in the number and the amount of citrullinated targets (estimated 
by label-free quantitative analysis) in starved as compared with 
non-starved FLS (online supplementary figure 6). Pre-incubation 
of the polyclonal ACPA with citrullinated (cit) but not native 
fibrinogen abolished FLS staining by ACPAs (figure 2B), as well 
as the ACPA-induced migration of starved FLS, an effect that 
titrated out at a protein:antibody ratio of 2:1 (figure 2C). Addi-
tional experiments demonstrated a similar effect for cit-vimentin 
and cit-enolase but not for cit-histone 4 (figure 2D). In line with 
this, inhibition of cellular citrullination by pretreatment with 
PAD inhibitors prevented both ACPA-staining (figure  2E) and 
the ACPA-induced migration of starved FLS (figure 2F), without 
affecting proliferation and cell viability (online supplementary 
figure 1). Furthermore, F(ab’)2 ACPA fragments had a similar 
capacity to induce migration of starved FLS (figure 2G), in line 
with lack of expression of Fcγ receptors by FLS (online supple-
mentary figure 7).

PI3K activation is required forACPA-induced FLS migration
To gain insight into the intracellular signals activated by 

ACPAs, we investigated two major regulators of FLS migration: 

PI3K and mitogen-activated protein kinases (MAPK). Poly-
clonal ACPAs induced a transient but robust peak in Akt phos-
phorylation at the Thr308 residue linked to PI3K activation 
(figure 3A left and middle panels and figure 3B), whereas Akt 
phosphorylation at the Ser473 residue, linked to mammalian 
target of rapamycin activation, seemed to occur irrespectively 
of the presence of ACPAs (figure  3A left and middle panels). 
MAPK phosphorylation showed no differences between poly-
clonal ACPA and control IgGs. In contrast to the rather selective 
modulation of Akt by ACPAs, control treatment with TNF-α-in-
duced prolonged and broad phosphorylation events (figure 3A, 
right panels). PI3K inhibition almost completely abolished the 
ACPA-induced migration of starved FLS (figure  3C). Further-
more, increased stimulation of PI3K by blocking PTEN led to 
higher cellular mobility with no further increment by ACPAs 
(figure 3D).

Inflammatory stimuli can substitute starvation and sensitise 
FLS to ACPAs
To identify additional factors that may render FLS sensitive 
to ACPAs, we investigated the potential contribution of pro-
inflammatory stimuli, such as IL-8 and TNF-α. FLS express 
IL-8 receptors CXCR1 and CXCR2 (figure  4A) and produce 
low levels of IL-8, unaffected by ACPAs (online supplementary 
figure 4). Exogenously added IL-8 had no effect on the migra-
tion of non-starved (figure 4B) or starved (figure 4C) FLS, but 
significantly potentiated the effect of polyclonal ACPAs in both 
cultures. The synergistic effects were further demonstrated by 
combination of different concentrations of ACPAs with a fixed 
dose of IL-8 (figure 4D) or suboptimal concentration of ACPAs 
with increasing concentration of IL-8 (figure 4E). TNF-α trig-
gered a significant increase in FLS migration both in the pres-
ence or absence of ACPAs, suggesting different mechanisms 
triggered by these two cytokines (figure 4F). Similar to cell star-
vation, exogenous IL-8 significantly increased PAD-2 and PAD-4 
expression (figure  4G), as well as the amount of citrullinated 
proteins (figure 4H) in non-starved FLS (see also online supple-
mentary figure 5).

Different ACPA clones induce FLS migration and osteoclast 
activation
Since polyclonal ACPA IgGs contain a wide spectrum of anti-
bodies, we investigated whether monoclonal ACPAs differ in 
their capacity to affect distinct cellular functions such as FLS 
mobility and OC differentiation. Among eight monoclonal 
ACPAs, each with different patterns of antigen recognition, 
three of them (1325:01B09, 14CFCT2D09 and 14CFCT2H12), 
enhanced FLS migration significantly (figure  5A, for titration 
curves see online supplementary figure 8), while not having 
any effect on OC differentiation (figure 5B). Interestingly, clone 
1325:01B09 but not 14CFCT2D09 and 14CFCT2H12 are cross-
reactive with homo-citrullinated targets.4 25 In contrast, clone 
1325:04C03, having no effect on FLS migration (figure  5A), 
significantly increased osteoclastogenesis (figure 5B) already at a 
concentration of 1 µg/mL. Selective cellular activation correlated 
with binding of clone 1325:01B09 to starved FLS and clone 
1325:04C03 to OC (figure 5C). Binding of 1325:01B09 to FLS 
(figure 5D) was prevented by pre-incubation with cit-fibrinogen 
or cit-histone H4 but not by cit-vimentin or cit-enolase 
(figure  5E,F). As 1325:01B09 also cross-react with acetylated 
modified proteins,25 we performed further experiments to show 
that altered citrullination but not acetylation could modulate 
1325:01B09 effect on FLS (figure  5G). Furthermore, F(ab’)2 
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Figure 2  Starvation-induced protein citrullination is essential for synovial fibroblast migration induced by ACPAs. Confocal microscopy images 
visualise PAD-2 (green) and PAD-4 (red) expressions as well as polyclonal ACPA IgGs (ACPA) and non-ACPA control IgG (IgG) binding patterns in FLS 
cultures following serum withdrawal (starved) or in non-starved FLS, in the presence of 10% fetal bovine serum (A). An original magnification of 400x 
was used for all images obtained with confocal microscopy and nuclei are shown in blue. Starved FLS cultures were also stained with ACPAs (red 
colour) pre-incubated overnight with citrullinated (cit) or native fibrinogen with ratio of protein:antibody (10:1) (cit-Fib or Arg-Fib, respectively) or in 
the absence of fibrinogen (B). To block ACPA-induced migration, FLS migration was compared in the presence of 1 µg/mL polyclonal ACPAs and control 
IgG or with both antibodies pre-incubated with citrullinated or native fibrinogen in the indicated ratio overnight. Migration index was calculated from 
three independent experiments, using cells of three individual patients and six replicates for each treatment, mean±SD values are shown (C). Similar 
blocking experiments were performed with citrullinated vimentin (Vim), enolase (Eno) and histone 4 (His) using 10:1 decoy protein:antibody ratio . 
The graphs represent results obtained from three independent experiments, using cells of three individual patients and six replicates (D). To inhibit 
PAD enzymes, we exposed FLS cultures to 200 nM Cl-amidine for 72 hours. Confocal microscopy images show the inhibition of ACPA binding (red 
colour) to Cl-amidine pretreated FLS (E). Moreover, after pre-incubation of the cells with different PAD inhibitors, Cl-amidine and GSK199, we could 
not detect an increased FLS mobility in the presence of ACPAs (F). Migration index was calculated from three independent experiments, using cells of 
three individual patients and six sample-replicates, mean±SD values are shown. Furthermore, FLS migration were analysed in the presence of 0.7 µg/
mL polyclonal ACPA F(ab’)2 and non-ACPA IgG F(ab’)2. The graph indicates results obtained from three independent experiments, using cells of three 
individual patients and six replicates (G). *P<0.05. ACPA, anticitrullinated protein/peptide antibody; DMSO, dimethyl sulfoxide; FLS, fibroblast-like 
synoviocytes; PAD, protein arginine deiminase; ns, not significant.
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Figure 3  Role of PI3K in the ACPA-induce synovial fibroblast migration. Starved FLS were exposed to 1 µg/mL polyclonal ACPA IgG (ACPA) or 
non-ACPA control IgG (IgG) or to TNF 10 ng/mL. Immunoblot analysis of Akt (Thr308 or Ser473 residues), ERK1/2, JNK and p38 phosphorylation are 
shown, whereas GAPDH protein was detected as control. The presented data are representative for at least three independent experiments for all 
tested proteins (A). Change of Akt phosphorylation at the Thr308 residue is shown in response to 1 µg/mL ACPA or IgG treatments (B). The data were 
calculated following densitometry analysis in five independent experiments, levels were normalised to baseline intensities, mean±SD values are 
shown. FLS were pretreated with 200 nM of the PI3K inhibitor wortmannin (C) or 2 µg/mL of the PTEN inhibitor SF-1670 (D) for 2 hours prior to the 
analysis of cell migration in the presence of 1 µg/mL ACPA or control IgG. DMSO (0.01%) was used as solvent control. Graphs represent fold-change in 
cell mobility, mean±SD values were calculated from three independent experiments, *P<0.05. ACPA, anticitrullinated protein/peptide antibody; DMSO, 
dimethyl sulfoxide; FLS, fibroblast-like synoviocytes; PAD, protein arginine deiminase; PI3K, phosphoinositide 3-kinase; PTEN, phosphatase and tensin 
homolog; ns, not significant; TNF, tumour necrosis factor.

fragments of 1325:01B09 enhanced migration of (figure 5H) and 
bound to non-permeabilised (figure  5I) challenged FLS which 
was prevented by exogenously added cit-fibrinogen (figure 5J). 
Both whole and F(ab’)2 fragments of 1325:01B09 were able to 
promote migration of challenged FLS through a similar mecha-
nism as for the polyclonal ACPA IgGs, as shown by activation of 
the PI3K pathway (figure 5K).

We further investigated cellular binding patterns in synovial 
biopsies obtained from both healthy volunteers and patients with 
RA. None of the ACPA clones labelled the uninflamed synovial 
tissues (figure 6A). In contrast, we detected 1325:01B09 binding 
to multiple cells from the dense layer of CD55 and podoplanin-
(PDPN)-positive fibroblasts in the synovial membrane of two out 
of the four tested inflamed RA synovial tissues, whereas virtually 
no binding of the clone 1325:04C03 was observed in the CD55 
and/or PDPN-positive areas (figure 6B). No correlation was seen 
between the staining pattern and disease characteristics. The 
co-localisation of 1325:01B09 binding sites with CD55-positive 
(figure 6C) and PDPN-positive FLS (figure 6D), as well as co-lo-
calisation of the F(ab’)2 1325:01B09 fragments with PDPN-
positive FLS (figure 6E) was further confirmed in two additional 
inflamed RA synovial tissue using confocal microscopy.

Discussion
In this report, we describe that steady-state FLS are unresponsive 
to ACPAs but can be rendered sensitive to these autoantibodies 
in the presence of additional stimuli. A key event in priming 
synovial fibroblasts to ACPA is an inducible PAD-2 and PAD-4 
expression that is accompanied by increased protein citrulli-
nation. Importantly, individual monoclonal ACPAs exhibited 

different capacities to induce migration of challenged FLS and 
activate OC. We provide novel insights into how different ACPA 
clones in concert might contribute to distinct pathogenic events 
in the RA development. Furthermore, PAD inhibition may be 
beneficial in targeting FLS during the development of ACPA-
positive arthritis.

We demonstrated that polyclonal ACPA IgGs are able to 
induce migration and adhesiveness of challenged fibroblasts, 
independent of their tissue origin. This poses challenges in 
understanding the specific targeting of the synovial tissue in RA. 
While tissue-specific antibody-induced vascular changes26 and 
site-specific differences in the responses to pro-inflammatory 
cytokine priming in skin versus synovial fibroblasts27 might 
play a role, further research is needed to clarify this issue. The 
lack of effects of polyclonal ACPAs on steady-state fibroblasts 
is in accordance with the clinical observation that ACPAs alone 
are not sufficient for development of arthritis in seropositive 
individuals28 and the fact that ACPA infusion in mice does not 
induce arthritis.11 In contrast, challenging by transient cellular 
stress or exposure to pro-inflammatory signals render the FLS 
sensitive to ACPA effects. Furthermore, while not having a direct 
effect on FLS, RF is able to potentiate the ACPAs effects on the 
FcγR-negative FLS, potentially by forming complexes with the 
cell bound ACPAs and consequently recruiting more of the acti-
vated surface molecules, which are engaged in ACPA interac-
tions, as well as their associated signalling components.29–33 Our 
findings provide support to the concept of a stepwise involve-
ment of several molecular mechanisms in ACPA-mediated syno-
vial pathology. Transient synovial events such as trauma34–38 or 
viral infections,39 40 which often cause joint inflammation and 
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Figure 4  Collaboration of ACPA-mediated signals with the inflammatory cytokines IL-8 and TNF in inducing FLS migration. CXCR1 and CXCR2 
expressions in FLS cultures were analysed with immunohistochemistry by light microscopy with the original magnification of 250x (left panel) and 
flow cytometry (right panel) (A). Migration of non-starved (B) and starved FLS (C) were assessed after exposing the cells to suboptimal (0.5 µg/mL) 
dose of ACPA or IgG in the presence or absence of 10 ng/mL recombinant human IL-8. Mean±SD values were calculated from three independent 
experiments, using cells of five individual patients and three replicates, *p<0.05. Starved FLS mobility was analysed by combining high dose (10 ng/
mL) of IL-8 with increasing ACPA concentrations (D) or suboptimal concentration of ACPA with increasing concentrations of IL-8 (E). On similar 
grounds, increasing concentrations of TNF were combined with ACPA applied at a suboptimal dose (F). Mean±SD values were calculated based on 
at three independent experiments, using cells of three different patients and six sample replicates, *p<0.05 (G). Confocal microscopy images show 
increased PAD-4 (red colour) and PAD-2 (green colour) expression of non-starved FLS cultures stimulated by IL-8 (10 ng/mL). Nuclei are represented 
in blue colour. The effect of IL-8 (10 ng/mL) was also tested on ACPA binding to FLS cultures using confocal microscopy (H). Red colour represents 
antibody binding, nuclei are shown in blue, The original magnification was 400x. The right panels represent a zoomed area from the original images. 
ACPA, anticitrullinated protein/peptide antibody; DAPI, 4,6-diamidino-2-phenylindole; FLS, fibroblast-like synoviocytes; IL, interleukin; PAD, protein 
arginine deiminase; ns, not significant; SF, synovial fluid; TNF, tumour necrosis factor.
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Figure 5  The monoclonal ACPAs 1325:01B09 and 1325:04C03 display selective binding and stimulatory capacities on FLS and osteoclasts. The 
effects of eight individual ACPA clones were tested in concentration of 1 µg/mL on fibroblast migration (A) and osteoclast differentiation (B) assays. 
The graphs represent migration index expressed as fold-difference normalised to untreated controls using data from three independent experiments, 
using cells of three different patients, all performed six replicate samples, *p<0.05. Osteoclast counts expressed in fold-difference normalised to 
untreated controls using data from two to five independent experiments, performed at least three replicates, *p<0.05. IHC stainings show binding 
capacity of individual ACPA clones, 1325:01B09 and 1325:04C03 to FLS and osteoclasts (C). Confocal microscopy images illustrate the binding of 
the ACPA clones (1325:01B09, 1325:04C03) and control (1362:01E02) monoclonal antibodies (red colour) to starved FLS (D). To block monoclonal 
ACPA binding, starved FLS were also stained with 1325:01B09 (red colour) pre-incubated with citrullinated (cit) or native fibrinogen (cit-Fib or Arg-
Fib, respectively) or in the absence of fibrinogen (E). Blocking experiments were performed with cit vimentin (cit-Vim), cit enolase (cit-Eno) and cit 
histone H4 (cit-His) with 10:1 decoy protein:antibody ratio (F). Migration indexes were obtained from three independent experiments, using cells of 
three individual patients and six replicates. In addition, monoclonal ACPA-induced migration was blocked by PAD inhibitor (200 nM Cl-amidine), but 
not by histone acetyltransferase or deacetylase inhibitors (10 µM anacardic acid, 0.2 µM trichostatin A) (G). FLS migration was also analysed in the 
presence of monoclonal ACPA or control IgG F(ab’)2 fragments at a concentration of 0.7 µg/mL. The graphs represent results from three independent 
experiments, using cells of three individual patients and six sample-replicates (H). Confocal images illustrate the binding of 1325:01B09, 1325:04C03 
and 1362:01E02 F(ab’)2 fragments (red colour) to starved FLS (nuclei shown in blue, origianl magnification 400X (I). Pre-incubation with citrullinated 
fibrinogen prevented 1325:01B09 F(ab’)2 fragments binding to starved FLS (nuclei shown in blue, original magnification 400X) (J). Nuclei are shown 
in blue. Original magnifications of 100x and 400x were used in light and confocal microscopy, respectively. Starved FLS were exposed to 1 µg/
mL 1325:01B09, 1362:01E02 or 0.7 µg/mL 1325:01B09 F(ab’)2. Immunoblot analysis of Akt phosphorylation (Thr308 residues) is shown, GAPDH 
protein was detected as control (K). ACPA, anticitrullinated protein/peptide antibody; DMSO,dimethyl sulfoxide; FLS, fibroblast-like synoviocytes; IHC, 
immunohistochemistry; PAD, protein arginine deiminase; ns, not significant.
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Figure 6  The monoclonal ACPA clones 1325:01B09 and 1325:04C03 bind to synovial targets in patients with RA but not in healthy controls. The 
immunohistochemistry images illustrate binding patterns of the monoclonal ACPA clones 1325:01B09 and 1325:04C03 to synovial tissues obtained 
from healthy donors (A) or patients with RA (B). Mouse IgG1 and the non-citrulline-specific 1362:01E02 (E02) monoclonal antibody were used as 
controls. CD55 and podoplanin (PDPN) stainings highlight FLS-rich areas of the synovial membrane. Immunohistochemistry stainings were analysed 
with light microscopy using 250x original magnification. (C) Confocal microscopy images illustrate a partial colocalisation of the ACPA clone 
1325:01B09 with CD55 (C) and PDPN (D), highlighted by closed arrows. Stainings with the monoclonal ACPA 1325:04C03 and the control 1362:01E02 
antibodies are also shown. Moreover, partially colocalisation of 1325:01B09 F(ab’)2 with PDPN were highlighted by arrows (E). An original 
magnification of 400x was used for confocal microscopy. ACPA, anticitrullinated protein/peptide antibody; DAPI, 4,6-diamidino-2-phenylindole; FLS, 
fibroblast-like synoviocytes; RA, rheumatoid arthritis.

have been associated with increased levels of pro-inflammatory 
cytokines and chemokines, including IL-8, as well as concom-
itant presence of the RF may contribute to synovial fibroblast 

sensitisation. A majority but not all individual polyclonal ACPA 
preparations show a similar migration promoting effect with the 
polyclonal ACPA pool, suggesting that additional mechanisms 
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than the ones presented in the current study might be active in 
a minority of ACPA-positive RA and certainly in a majority of 
ACPA-negative RA. This remain to be further investigated.

In contrast to OCs, no others tested RA-derived antibodies 
but ACPAs had an effect on FLS migration, suggesting a citrul-
lination dependency of the observed effect. As such, the paucity 
of citrullinated targets observed on steady-state FLS might 
explain the lack of ACPA effects in unchallenged conditions. 
Indeed, FLS that were challenged by either cellular stress or 
certain pro-inflammatory signals increased their expression of 
both PAD enzymes and citrullinated proteins, which sensitised 
the cells to ACPA effects. Cellular citrullination appears to be 
important for the ACPA-mediated FLS mobility, as PAD inhibi-
tion completely abolished this effect. While other cellular effects 
of these inhibitors cannot be completely excluded, the blocking 
experiments with soluble citrullinated proteins and the repro-
ducibility of the effects when using the F(ab’)2 ACPA fragments 
further strengthens this observation. Importantly, MDA modi-
fication, acetylation and homo-citrullination do not appear to 
influence FLS migration, as demonstrated by the lack of effect 
of anti-MDA antibodies, the lack of influence of increased or 
decreased acetylation on the ACPA effects and the migration 
promoting effects of both homo-citrullinated cross-reactive and 
non-cross-reactive monoclonal ACPAs.

While citrullination appears to be central for the ACPA effects 
on FLS, precise identification of the exact cellular target(s) is still 
a challenge. Although citrullinated fibrinogen has been previ-
ously proposed as an interstitial tissue target able to generate 
immune complexes in the presence of ACPA,41 our current 
findings suggest an additional mechanism where ACPAs might 
interact with surface cellular targets. As individual ACPAs are 
cross-reactive with a wide range of citrullinated peptides and 
proteins through their consensus motifs,4 as also confirmed by 
our blocking experiments, it remains to be determined which of 
these antigens are relevant for the observed effect. It has been 
suggested that ACPAs are prone to bind minute amounts of LPS 
that might interfere with interpretation of the functional effects 
observed with different ACPAs preparations.17 However, our 
LPS tests were negative and addition of different amounts of 
exogenous LPS to the FLS cultures with or without ACPAs had 
no effect on FLS migration (online supplementary figure 9).

FLS motility is governed by complex mechanisms, involving a 
large array of intracellular signalling pathways42–48 that mediate 
consecutive phases of this process: adhesion, migration and inva-
sion, with PI3K and MAPK playing central roles. We describe 
here a role for PI3K/Akt but not for MAPK phosphorylation in 
regulating ACPA-induced migration of challenged FLS. PI3K 
modulates organisation of actin cytoskeleton and lamellipodium 
formation via Akt phosphorylation, which can result in cytoskel-
eton remodelling and increased motility.49

A central finding of the current study resides in the selective 
cellular modulation by distinct monoclonal ACPAs. We show 
a selective increase of OC formation with the 1325:04C03 
clone. This is in line with our previous reported increase of 
OC formation seen with the 1325:04C03 clone,4 that now 
reaches statistical significance at doses as low as 1 µg/mL, due 
to the larger number of replicates and the lower variability 
among the OC precursor cells donors. In spite of the typical 
cross-reactivity of ACPAs, this selective regulation suggests the 
targeting of non-overlapping cellular autoantigens. The lack of 
Fcγ receptors on FLS, the identical IgG1 Fc regions in ACPA 
clones with different functional effects and the positive effect 
of ACPA F(ab’)2 fragments on FLS migration suggest a role 
for specific-antigen binding in the observed ACPA effect. We 

propose that unique ACPA clones/specificities might be respon-
sible for specific pathological features in distinct stages of the 
development of ACPA+RA and some of these effects might be 
dependent on additional stress/inflammatory signals. Conse-
quently, as ACPA fine-specificities are subjected to constant 
evolution and different ACPA combinations are present in 
different individuals,50 the selective effects of individual ACPA 
clones could contribute to variability in the timing of arthritis 
development and in the symptoms present in seropositive indi-
viduals. Notably, this proposed role of ACPA is fully compatible 
with potential roles also of antibodies with other specificities in 
the generation of the various symptoms occurring before and 
during the course of RA.

In conclusion, we describe a novel potential pathogenic role 
for ACPAs in FLS migration. Our results also give further support 
for studies to investigate the early therapeutic and potentially 
preventive effect of drugs such as PAD enzymes inhibitors that 
affect the currently described mechanisms of FLS migration.
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Key message

What is already known about this subject?
►► CD109 regulates diverse pathogenic processes, 
including fibrosis, osteoporosis and tumour 
metastasis.

►► CD109 inhibits transforming growth factor 
(TGF)-β signalling by enhancing SMAD7/
Smurf2-dependent degradation of the TGF-β 
receptor.

What does this study add?
►► CD109 is required to sustain rheumatoid 
arthritis (RA) fibroblast-like synoviocyte (FLS)-
induced inflammation.

►► CD109 interacts with and stabilises ENO1 to 
regulate the RA FLS-mediated inflammatory 
response.

►► An anti-CD109 antibody shows both 
prophylactic and therapeutic effects in collagen-
induced arthritis mice.

How might this impact on clinical practice or 
future developments?

►► CD109 could be a promising treatment target 
for RA.

Abstract
Objective  The aim of this study was to investigate the 
role of CD109 in rheumatoid arthritis (RA) fibroblast-like 
synoviocytes (FLSs) and to evaluate its potential as a 
therapeutic target.
Methods  CD109 expression was examined in 
synovial tissues and FLSs from RA patients and 
collagen-induced arthritis (CIA) model mice. CD109-
deficient mice were developed to evaluate the severity 
of CIA. Small interfering RNAs and a neutralising 
antibody against CD109 (anti-CD109) were designed 
for functional or treatment studies in RA FLSs and CIA.
Results  CD109 was found to be abundantly 
expressed in the synovial tissues from RA patients 
and CIA mice. CD109 expression in RA FLSs 
was upregulated by inflammatory stimuli, such 
as interleukin-1β and tumour necrosis factor-α. 
Silencing of CD109 or anti-CD109 treatment reduced 
proinflammatory factor production, cell migration, 
invasion, chemoattractive potential and osteoclast 
differentiation, thereby reducing the deleterious 
inflammatory response of RA FLSs in vitro. Mice 
lacking CD109 were protected against arthritis in the 
CIA model. Anti-CD109 treatment prevented the onset 
and ameliorated the severity of CIA lesions.
Conclusion  Our study uncovers an antiarthritic role 
for CD109 and suggests that CD109 inhibition might 
serve as a promising novel therapeutic strategy for RA.

Introduction
Rheumatoid arthritis (RA) is a systemic autoim-
mune disease characterised by chronic inflamma-
tion and hyperplasia of fibroblast-like synoviocytes 
(FLSs).1 RA FLSs display an aggressive phenotype 
and produce excessive amounts of proinflammatory 
cytokines and matrix-degrading enzymes, resulting 
in joint dysfunction and destruction.2 Hence, 
identifying key factors that specifically target RA 
FLS-mediated inflammation may provide novel 
therapeutic targets for RA.

CD109 is a cell-surface antigen that 
belongs to the α2-macroglobulin/C3, C4, C5 
family of thioester-containing proteins.3 As a 
glycosylphosphatidylinositol-anchored protein,4 
increased expression of CD109 in various tumours 
is indicative of a more aggressive phenotype and 
poor prognosis.5–7 Since RA FLSs exhibit tumour-
like proliferation and invasion behaviours,2 it is 
possible that CD109 may play a role in the aggres-
sive phenotype of RA FLSs. It has been reported 
that CD109 interacts with glucose-regulated 
protein 78 (GRP78), a classical endoplasmic 

reticulum (ER) chaperone, to inhibit transforming 
growth factor (TGF-β) signalling in response to 
ER stress.8 Interestingly, GRP78 acts as a patho-
logical factor that contributes to the severity of 
RA,9 suggesting that CD109 is likely involved in 
the pathological progression of RA.

A previous study demonstrated that CD109 
inhibits TGF-β signalling by enhancing SMAD7/
Smurf2-dependent degradation of the TGF-β 
receptor TGFβRI.10 11 More interestingly, 
although CD109 inactivates TGF-β signalling and 
subsequent fibrosis, fibroblasts with increased 
CD109 protein levels still produce excessive 
amounts of extracellular matrix (ECM).12 It is thus 
believed that CD109 is insufficient to completely 
counteract the effect of TGF-β activation on 
fibrosis, and the exact role of elevated CD109 in 
fibroblasts remains unclear. Recently, CD109 has 
been shown to activate Jak-Stat3 signalling, which 
consequently leads to a metastatic phenotype in 
lung cancer cells.13 This evidence indicates that 
CD109 functions in a cell-specific manner, and it 
would be interesting to characterise the exact role 
of CD109 in RA FLSs.
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Figure 1  Expression of CD109 in synovial tissues extracted from 
RA patients and CIA model mice. (A) Western blot analysis of CD109 
protein in synovial tissues from RA (n=7) and OA (n=7) patients. 
β-Actin was used as a loading control. (B) Quantitative real-time (qRT) 
PCR analysis of CD109 mRNA levels in FLSs from RA (n=7) and OA 
(n=7) patients. ***p<0.001. (C) Immunohistochemical staining of RA 
(n=16) and OA (n=7) synovial tissues using antibodies against CD109. 
Original magnification is 200×. FLSs were collected from DBA/1J 
mice immunised with collagen (CIA mice) or bovine serum albumin 
(BSA, referred to as Ctrl mice). qRT-PCR and Western blot assays were 
performed to assess the levels of CD109 mRNA (D) and protein (E). 
n=3 per group, **p<0.01. (F) Immunohistochemical staining of CD109 
from the hind paw in CIA and Ctrl mice. FLSs from RA patients (G and 
H) or CIA model mice (I and J) were stimulated with TNF-α or IL-1β
for 24 hours. Total RNA and protein levels were subjected to qRT-PCR 
and Western blotting for the analysis of CD109 mRNA (G and I) and 
protein (H and J) levels. qRT-PCR data in G and I are expressed as 
the mean of six samples (three male and three female) or three mice 
from two independent experiments. Western blot data in H and J 
represent two independent experiments from six samples (three males 
and three females) or three mice with similar results. *p<0.05 and 
**p<0.01 compared with vehicle. CIA, collagen-induced arthritis; FLSs, 
fibroblast-like synoviocytes; IL-1β, interleukin-1β; OA, osteoarthritis; RA, 
rheumatoid arthritis; TNF-α, tumour necrosis factor-α.

The present study was conducted to investigate the role of 
CD109 in RA FLSs and collagen-induced arthritis (CIA) models 
and to assess the potential of CD109 inhibition as a treatment 
approach in RA.

Materials and methods
Detailed methods and sequence primers are described in the 
online supplementary materials and methods.

Reagent and cell stimulation
RA FLSs were plated in 24-well plates (3–5×105 cells/well) 
in Dulbecco’s Modified Eagle’s Medium and stimulated for 
the indicated time points with the following agents: tumour 
necrosis factor (TNF)-α (10 ng/mL, Abnova, Taiwan, China), 
interleukin (IL)-1β (10 ng/mL, Abnova), cycloheximide (CHX, 
10 µg/mL, Calbiochem), galunisertib (10 µM, Selleck), TGF-β1 
(1 ng/mL or 10 ng/mL, R&D), macrophage colony-stimulating 

factor (M-CSF; 30 ng/mL, R&D) and RANKL (50 ng/mL, 
R&D). The dilution buffer, phosphate buffer saline, was 
applied as vehicle control.

Results
CD109 is abundantly expressed in the synovial tissues of 
patients with RA
CD109 was first found to be abundantly expressed in all RA 
patient synovial tissues but dramatically reduced in osteoar-
thritis (OA) samples (figure 1A). In vitro, CD109 mRNA expres-
sion in RA FLSs was relatively higher than that in OA FLSs 
(figure 1B). Immunohistochemical staining showed that CD109 
was expressed at higher levels in RA synovial tissues than in OA 
synovial tissues and mainly distributed in the lining layer of the 
RA synovial tissues (figure  1C). A similar increase in CD109 
expression was also observed in FLSs (figure 1D,E) and synovial 
tissues (figure  1F) from CIA mice when compared with those 
from wild-type (WT) mice. In addition, CD109 expression was 
elevated at the mRNA (figure 1G,I) and protein (figure 1H,J) 
levels in FLSs from RA patients and CIA mice following TNF-α 
and IL-1β stimulation, but not following IL-1α, IL-6 and IL-17 
stimulation (online supplementary figure 1).14

Effects of CD109 on the inflammatory phenotype of RA FLSs
RA FLSs can secrete IL-6, IL-8, matrix metalloproteinase 
(MMP)-1, MMP-3 and MMP-13 in response to IL-1β and 
TNF-α stimulation, and these factors are implicated in the RA 
FLS-mediated inflammatory response.15–22 We next measured 
the levels of these proteins in the supernatant of siCD109-
transfected or siCtrl-transfected RA FLS. The silencing effi-
ciency of small interfering RNAs (siRNAs) against CD109 was 
confirmed by Western blot (figure 2A). The data showed that 
silencing of CD109 significantly reduced the levels of IL-6, 
IL-8, MMP-1 and MMP-3 (figure 2B–E), but not MMP-13 (data 
not shown), in the supernatants of RA FLSs with or without 
TNF-α and IL-1β stimulation. Additionally, CD109 knock-
down resulted in an obvious reduction in TNF-α-induced23 24 
or IL-1β-induced25–27 phosphorylation of AKT serine/threonine 
kinase (Akt), nuclear factor-kappa B (NF-κB), signal transducer 
and activator of transcription 3 (Stat3) and p38 MAPK signal-
ling proteins (figure  2F). CXCL9/10 modulates RA immune 
responses by activating and recruiting leucocytes.28 29 CD109 
knockdown significantly reduced the production of CXCL9 
and CXCL10 (figure  2G,H) in RA FLSs. The number of 
migrating leucocytes cultured with conditioned medium (CM) 
from siCD109-transfected RA FLSs also decreased significantly 
(figure  2I), suggesting decreased chemoattractive potential of 
RA FLSs. Furthermore, RA FLSs with CD109 downregulation 
displayed reduced levels of migration (figure 2J) and invasion 
(figure 2K). However, proliferation and apoptosis did not differ 
between siCD109-transfected RA FLSs and siCtrl-transfected RA 
FLSs (online supplementary figure 2A-B). Together, these data 
indicate the importance of CD109 inhibition in limiting the RA 
FLS-mediated inflammatory response.

CD109 acts as a negative regulator of TGF-β signalling 
by promoting the degradation of its receptor TGFβRⅠ.10–12 
However, CD109 is insensitive to TGF-β1 in RA FLSs (online 
supplementary figure 3A). Blocking TGF-β signalling by treating 
cells with the specific inhibitor, galunisertib, did not attenuate the 
CD109 overexpression-induced increase in IL-6, IL-8, MMP-1, 
MMP-3, CXCL9 and CXCL10 expression in RA FLSs (online 
supplementary figure 3B-G). Our data suggest that CD109 regu-
lates the RA FLS-mediated inflammation in a TGF-β signalling-
independent manner.
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Figure 2  Effects of CD109 silencing on FLS in RA. (A) Silencing efficiency of siRNA targeting CD109 (siCD109) was detected by Western blot. The 
two siRNAs were combined at equal concentrations for the subsequent experiments. The negative control siRNA is referred to as siCtrl. The results 
are representative of two independent experiments with three different samples in each. (B–E) Following transfection with siCD109 or siCtrl for 
12 hours, RA FLSs were stimulated with TNF-α and IL-1β for another 24 hours. IL-6 (B), IL-8 (C), MMP-1 (D) and MMP-3 (E) levels in the supernatant 
were analysed by ELISA. (F) Using similar treatments as B–E, total and phosphorylated levels of Akt, p65, Stat3 and p38 MAPK were analysed by 
Western blot. Western blot data are representative of two independent experiments from six different patients (three males and three females) with 
similar results. (G and H) RA FLSs were transfected with siCD109/siCtrl for 12 hours, followed by TNF-α or IL-1β stimulation for another 24 hours. 
CXCL9 (G) and CXCL10 (H) levels in the culture supernatant were measured by ELISA. Data in B–E, G and H are expressed as the mean of six 
samples (three males and three females)±SD and represent three independent experiments. (I) After treatment as indicated in B–E, cell-free RA FLSs 
supernatant was collected and used as a chemotactic source for healthy donor peripheral blood leucocytes (n=3) in a transwell migration system 
for 6 hours. The number of migrating leucocytes in the lower compartment was counted. The migration (J) and invasion (K) abilities were assessed in 
siCD109-transfected or siCtrl-transfected RA FLS from six different patients (three males and three females). Data represent independent experiments 
performed in triplicate, and five different fields were selected for cell counting (graph below). RA FLSs passing through the polycarbonate membrane 
with ECM coating show that cell invasion requires the ECM proteolysis step in addition to migration. *p<0.05, **p<0.01 and ***p<0.001 compared 
with siCtrl. ECM, extracellular matrix; FLSs, fibroblast-like synoviocytes; IL, interleukin; MMP, matrix metalloproteinase; RA, rheumatoid arthritis; 
siRNAs, small interfering RNAs; TNF-α, tumor necrosis factor-α.
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Figure 3  Effects of an antibody against CD109 (anti-CD109) on RA FLSs. (A) Western blot analysis of anti-CD109 against human RA FLS (hFLS), 
recombinant human CD109 protein (rhCD109), mouse paw (mPaw), recombinant mouse CD109 (rmCD109) and BSA. Data are representative 
of three independent experiments. (B) ELISA analysis for the binding affinity of anti-CD109 towards human CD109 (hCD109, 1 µg) and mouse 
CD109 (mCD109, 1 µg) proteins at the indicated concentration. Anti-CD109 bound to both human and mouse recombinant CD109 protein dose 
dependently. The data are expressed as the mean±SD from three independent experiments. (C–J) Following stimulation with TNF-α and IL-1β or 
nothing for 12 hours, RA FLSs were subsequently treated with anti-CD109 at the indicated concentration or IgG (10 µg/mL) for another 24 hours. IL-6 
(C and D), IL-8 (E and F), MMP-1 (G and H) and MMP-3 (I and J) levels in the culture supernatant were measured by ELISA. The data are expressed 
as the mean±SD of six samples (three male and three female) and are representative of three independent experiments. *p<0.05, **p<0.01 and 
***p<0.001 compared with IgG in the presence (C, E, G and I) or absence (D, F, H and J) of inflammatory stimuli. The migration (K) and invasion (L) 
of RA FLSs from six different patients (three males and three females) were assessed and quantified (graph below) after the addition of anti-CD109 
(10 µg/mL) or IgG (10 µg/mL) and incubation for 24 hours. ***p<0.001 compared with IgG. (M) After exposure to TNF-α or IL-1β for 12 hours, RA FLSs 
were treated with anti-CD109 (10 µg/mL) for another 24 hours. Total and phosphorylated levels of Akt, p65, Stat3 and p38 MAPK in RA FLSs from 
six samples (three males and three females) were analysed by Western blot. Western blot data are representative of two independent experiments. 
RA FLSs were incubated with anti-CD109/IgG (10 µg/mL) for 12 hours and treated with TNF-α or IL-1β for another 24 hours. CXCL9 (N) and CXCL10 
(O) levels in the culture supernatant were measured by ELISA. Data are expressed as the mean±SD of six samples (three males and three females) 
and are representative of three independent experiments. *p<0.05 and ***p<0.001 compared with siCtrl or IgG. (P) After pretreatment with anti-
CD109/IgG (10 µg/mL) for 12 hours, RA FLSs from six different patients (three males and three females) were treated with inflammatory stimuli for 
another 24 hours. Cell-free supernatants were collected and used as a chemoattractant source for healthy donor peripheral blood leucocytes (n=3) in 
a transwell migration system for 6 hours. The number of migrating leucocytes in the lower compartment was counted. ***p<0.001 compared with 
IgG. BSA, bovine serum albumin; FLSs, fibroblast-like synoviocytes; IL, interleukin; IgG, immunoglobulin G; MMP, matrix metalloproteinase; NS, not 
significant; RA, rheumatoid arthritis; TNF-α, tumour necrosis factor-α.
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Anti-CD109 treatment ameliorates the arthritis phenotype of 
RA FLSs
We next produced an anti-CD109 antibody (anti-CD109) and 
confirmed its specificity towards human and mouse CD109 by 
Western blot (figure 3A) and ELISA (figure 3B). The data showed 
that anti-CD109 treatment dose-dependently reduced the levels 
of IL-6 (figure 3C,D), IL-8 (figure 3E,F), MMP-1 (figure 3G,H) 
and MMP-3 (figure 3I,J) irrespective of TNF-α or IL-1β stimu-
lation. Furthermore, anti-CD109 treatment reduced the migra-
tion (figure 3K) and invasion (figure 3L) of RA FLSs. However, 
no obvious differences in the proliferation and apoptosis rates 
of RA FLSs were detected between anti-CD109 and IgG treat-
ments (online supplementary figure 2C, D). In addition, the 
levels of phosphorylated Akt, NF-κB, Stat3 and p38 MAPK in 
TNF-α-stimulated or IL-1β-stimulated RA FLSs were all reduced 
by anti-CD109 treatment (figure  3M). Similarly, there was a 
strong reduction in CXCL9 and CXCL10 levels (figure 3N,O) in 
RA FLSs and migrating leucocytes (figure 3P) cultured with CM 
from anti-CD109-treated RA FLSs.

In addition, we analysed the effects of anti-CD109 on the 
TNF-α or IL-1β response in FLSs from CD109-knockout 
(CD109 KO) and WT mice. Anti-CD109 addition did not reduce 
the TNF-α-induced or IL-1β-induced increase in IL-6, MMP-3, 
CXCL9 and CXCL10 levels in CD109 KO FLSs, as it did in WT 
FLSs (online supplementary figure 4A-D). These results indicate 
the engagement of CD109 for anti-CD109.

CD109 interacts with and requires ENO1 to regulate the RA 
FLS-mediated inflammatory response
To explore the molecular mechanism of CD109 in RA FLSs, 
glutathione-S-transferase (GST) pull-down assay and mass spec-
trometry were used. The majority of the identified CD109-
interacting partners are involved in processes such as metabolism, 
signalling pathways, protein processing and modification, and 
cell cycle and apoptosis (online supplementary table 2). ENO1 
was selected for further investigation as it is also localised on 
the cell surface and regulates cytokine production and apoptotic 
resistance in RA FLSs.30–32 Co-immunoprecipitation (figure 4A) 
and immunofluorescence (figure  4B) analyses confirmed the 
specific association between CD109 and ENO1 on the surface 
of RA FLSs; the interaction was enhanced by TNF-α or IL-1β 
treatment.

Then, we detected the intrinsic relationship between CD109 
and ENO1 in RA FLSs. The overexpression or silencing effi-
ciency of CD109 and ENO1 was first confirmed, as shown, 
respectively, in figure  4C and D. The overexpression of 
CD109 increased the level of ENO1 protein (figure 4E) as well 
as the proportion of ENO1 on the cell surface (figure 4F), irre-
spective of IL-1β or TNF-α stimulation. In contrast, CD109 
silencing or anti-CD109 treatment caused a significant reduc-
tion in ENO1 expression (figure 4G) and surface localisation 
(figure 4H,I). CHX chase assay results demonstrated that the 
degradation rate of ENO1 protein increased following CD109 
inhibition with either siCD109 or anti-CD109 (figure 4J,K). 
Furthermore, we observed a marked increase in the levels 
of inflammatory factors (figure  4L–Q, IL-6, IL-8, MMP-1, 
MMP-9, CXCL9 and CXCL10), migration (figure 4R), inva-
sion (figure 4S) and phosphorylation of proteins in the proin-
flammatory pathway (figure  4T) in CD109-overexpressing 
FLSs compared with control FLSs. However, ENO1 knock-
down prevented these effects. These results suggest that ENO1 
is required for CD109-mediated regulation of the FLS inflam-
matory response.

Reduced arthritis severity in CD109-deficient mice
To further demonstrate the function of CD109 in RA, CIA was 
induced in WT and CD109 KO mice. When endogenous CD109 
was absent (figure 5A), the arthritis score and paw swelling were 
significantly ameliorated in CD109 KO mice compared with WT 
mice (figure 5B,C). Likewise, CD109 KO mice also developed a 
limited degree of inflammatory cell infiltration (granulocytes and T 
lymphocytes), synovial hyperplasia, cartilage degradation and bone 
destruction (figure 5D,E and online supplementary figure 5A-D), 
accompanied by a decrease in TNF-α, IL-1β, IL-6 and IL-8 levels 
(figure 5F) in the paws. Inflammatory bone erosion and destruc-
tion are known features of RA.33 Thus, we examined the effects 
of global CD109 deletion on bone destruction in CIA models by 
microcomputed tomography (micro-CT) analysis (figure  5G). 
The distal tibias from CD109 KO CIA mice displayed an obvious 
increase in bone volume/tissue volume (BV/TV), total body bone 
mineral density (Tb BMD), trabecular thickness (Tb Th) and 
trabecular number (Tb N) but a decrease in trabecular spacing (Tb 
Sp) compared with those from the WT counterparts (figure 5H). 
Further evidence showed that bone marrow mononuclear cells 
(BMMCs) isolated from CD109 KO mice differentiated into osteo-
clasts in vitro less efficiently than those isolated from WT mice. 
Notably, this difference was increased between the CD109 KO 
and WT groups with CIA induction (online supplementary figure 
6A). The receptor activator of NF-κB ligand (RANKL) promotes 
osteoclast differentiation, while osteoprotegerin (OPG) attenu-
ates osteoclastic bone destruction, and the OPG/RANKL ratio is 
critical for RA-induced bone destruction.34 Serum from CIA mice 
was then examined by ELISA, which showed that the serum level 
of RANKL decreased while that of OPG remained unchanged. 
This imbalance finally led to an increase in the OPG/RANKL ratio 
but fewer osteoclasts in CD109 KO mice than WT mice (online 
supplementary figure 6B-D).

We also investigated whether CD109 regulates RANKL and OPG 
in FLS. CD109 ablation reduced the TNF-α and IL-1β stimulation-
induced increase in RANKL expression in FLS. As OPG levels 
remained unaffected, the OPG/RANKL ratio increased in CD109 
KO FLSs compared with WT FLSs (online supplementary figure 
6E-H). Subsequently, mouse BMMCs were cultured with CM 
from IL-1β-activated or TNF-α-activated FLSs and stimulated with 
M-CSF. CD109 KO FLSs were less efficient at inducing tartrate-
resistant acid phosphatase-positive multinucleated cells than WT 
cells (online supplementary figure S6I). Collectively, these findings 
indicate that ablation of the CD109 gene sufficiently blocks the 
progression of experimental arthritis.

Effects of prophylactic anti-CD109 treatment
To evaluate the efficacy of anti-CD109 in the amelioration of CIA, 
the safety was first analysed. Neither physical and behavioural 
manifestations nor peripheral blood cell numbers appeared to be 
significantly affected (online supplementary figure 7). To mimic 
prophylactic intervention in human RA patients, anti-CD109 
was administered on the day of first immunisation with type 
II collagen. Anti-CD109 treatment dose dependently reduced 
the arthritis score (figure  6A), hind paw thickness (figure  6B) 
and swelling (figure  6C) in CIA models. Histological analysis 
revealed reduced inflammatory cell infiltration (granulocytes 
and T lymphocytes), synovial hyperplasia, cartilage degradation 
and bone destruction in anti-CD109-treated mice (figure 6D,E 
and online supplementary figure 5E-H). The micro-CT showed 
that compared with immunoglobulin (Ig) G treatment, anti-
CD109 treatment greatly reduced bone destruction (figure 6F), 
as quantitatively evidenced by the increased degree of Tb BMD, 
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Figure 4  CD109 interacts with and stabilises ENO1. (A) RA FLSs were stimulated with TNF-α (upper) or IL-1β (lower) for 24 hours. 
Immunoprecipitation and immunoblotting were performed on total protein with anti-CD109 or anti-ENO1 antibodies. The results are representative 
of four samples (two males and two females) from independent experiment. (B) After stimulation with TNF-α or IL-1β for 24 hours, ENO1 (green) 
and CD109 (red) in RA FLSs were detected by immunofluorescence. (C) Western blot analysis of CD109 protein in RA FLSs following transfection of a 
lentiviral vector expressing CD109 (Lv-CD109) or its control (Lv-Ctrl). (D) Silencing efficiency of siENO1 was detected by Western blot. The two siRNAs 
were combined at equal concentrations for the subsequent experiments. Data in C and D are representative of two independent experiments with 
three different samples. (E) After Lv-CD109 or Lv-Ctrl transfection, RA FLSs were exposed to TNF-α or IL-1β for 24 hours, and ENO1 protein levels were 
measured by Western blot. (F) Surface ENO1 was detected by immunofluorescence in Lv-CD109 or Lv-Ctrl-transfected RA FLSs. (G) After transfection 
of siCD109/siCtrl or treatment with anti-CD109/IgG for 24 hours, the ENO1 protein in TNF-α-activated or IL-1β-activated RA FLSs was measured 
by Western blot. (H and I) TNF-α-stimulated or IL-1β-stimulated RA FLSs were transfected with siCD109/siCtrl or treated with anti-CD109/IgG for 
24 hours. ENO1 (green) in RA FLS was detected by immunofluorescence. (J and K) In the presence of TNF-α or IL-1β, RA FLSs were exposed to CHX 
for different time periods, and the total protein was subjected to Western blotting to analyse ENO1 expression. Band intensities were measured using 
ImageJ software and are presented as fold change comparisons as indicated. *p<0.05, **p<0.01 and ***p<0.001 compared with siCtrl. CD109-
overexpressing RA FLSs were transfected with siENO1 or siCtrl for 12 hours and subsequently stimulated with TNF-α and IL-1β for another 24 hours. 
IL-6 (L), IL-8 (M), MMP-1 (N), MMP-3 (O), CXCL9 (P) and CXCL10 (Q) levels in the culture supernatant were measured by ELISA. Data are expressed 
as the mean±SD of six samples (three males and three females) and are representative of three independent experiments. *p<0.05, **p<0.01 and 
***p<0.001 compared with Lv-Ctrl or Lv-CD109 in the siCtrl-transfected group. CD109-overexpressing RA FLSs were transfected with siENO1 or 
siCtrl for 24 hours. The migration (R) and invasion (S) abilities were assessed and counted (graph below) for RA FLSs from six different patients 
(three males and three females) and performed in triplicate. Five different fields were selected for cell counting. ***p<0.001 compared with Lv-Ctrl. 
(T) CD109-overexpressing RA FLSs were transfected with siENO1 or siCtrl for 24 hours. Total and phosphorylated levels of Akt, p65, Stat3 and p38 
MAPK were analysed by Western blot. Western blot data in A, E, G, J, K and T, and immunofluorescence data in B, F, H and I are representative of two 
independent experiments from six samples (three males and three females) with similar results. CHX, cycloheximide; FLSs, fibroblast-like synoviocytes; 
IL, interleukin; NS, not significant; RA, rheumatoid arthritis; siRNAs, small interfering RNAs; TNF-α, tumor necrosis factor-α.
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Figure 5  CD109 knockout (CD109 KO) prevents joint destruction in CIA mice. (A) The hind paws from CD109 KO and WT CIA mice at the resolution 
phase of arthritis were homogenised in cell lysis buffer for Western blot detection of CD109 (n=3 mice per group). (B, C) Arthritis in CD109 KO and 
WT mice was induced by bovine type II collagen injection (n=6 mice per group and per time point). After the second immunisation, the arthritis score 
(B) and hind paw thickness (C) were evaluated every 5 days. This experiment is representative of four independent experiments with similar results. 
*p<0.05, **p<0.01 and ***p<0.001 compared with WT. (D) Representative images of haematoxylin-eosin (H&E, upper) and Safranin O/Fast green
staining (lower) of the interphalangeal joint from CD109 KO and WT CIA mice on the 42nd day after the first immunisation. Pathological changes, 
including synovial proliferation (yellow arrowhead) and joint destruction (red arrowhead), are shown. (E) Inflammation, hyperplasia, cartilage 
degradation and bone destruction were evaluated using a scoring system (n=12 per group). ***p<0.001 compared with WT. (F) The hind paws 
from WT and CD109 KO CIA mice (n=6 mice per group) were homogenised in phosphate-buffered saline (PBS) for ELISA detection of TNF-α, IL-1β, 
IL-6 and IL-8 on the 42nd day after the first immunisation. The data are representative of two independent experiments from six mice per group. 
*p<0.05 and ***p<0.001 compared with Ctrl or CIA in the WT group. (G) Representative micro-CT images of hind paws and interphalangeal joints
(red square) on the 42nd day after the first immunisation (n=6 mice per group). (H) Bone volume fraction (BV/TV), trabecular bone mineral density (Tb 
BMD), trabecular thickness (Tb Th), trabecular number (Tb N) and trabecular separation (Tb Sp) in the distal tibia were assayed by micro-CT and 3D 
reconstruction. The data represent four independent experiments with similar results. *p<0.05, **p<0.01 and ***p<0.001 compared with WT. BMD, 
bone mineral density; CIA, collagen-induced arthritis; KO, knockout; NS, not significant; TNF-α, tumour necrosis factor-α; WT, wild type.

BV/TV, Tb Th and Tb N but a lower degree of Tb Sp in the distal 
tibias (figure  6G). Furthermore, anti-CD109 treatment effec-
tively decreased the serum level of RANKL but had a minimal 
effect on the OPG level, thereby increasing the OPG/RANKL 
ratio and curtailing osteoclast numbers (online supplementary 
figure 8A-C) in CIA models.

Effects of therapeutic treatment with anti-CD109
We also analysed the therapeutic effects of anti-CD109. 
Compared with IgG-treated CIA model mice, anti-CD109-
treated model mice showed dose-dependent amelioration 
with a marked decrease in arthritis score (figure 6H), thick-
ness (figure 6I) and hind paw swelling (figure 6J). Histological 

analysis of affected joints from anti-CD109-treated mice 
revealed reduced evidence of inflammation (granulocytes and 
T lymphocytes), synovial hyperplasia, cartilage degradation 
and bone destruction (figure  6K,L and online supplemen-
tary figure 5I-L). In addition, anti-CD109-treated CIA mice 
displayed reduced levels of bone erosion and destruction 
(figure  6M,N), as evidenced by the increase in BV/TV, Tb 
BMD, Tb Th and Tb N but decrease in Tb Sp in the distal 
tibia. Additionally, anti-CD109 treatment decreased the 
RANKL level, increased the OPG/RANKL ratio and led to a 
decline in the number of osteoclasts (online supplementary 
figure 8D-F). Therefore, anti-CD109 treatment alleviates RA 
progression in vivo.
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Figure 6  Antiarthritis effects of anti-CD109 on CIA. Mice immunised with CII were randomly divided into four groups (n=6 mice for each group 
and time point) and administered anti-CD109 or IgG at the indicated doses twice a week after the initial immunisation. The data are representative 
of four independent experiments with similar results. (A) Arthritis scores were monitored once per 5 days. (B) Hind paw thickness was calibrated from 
the 21st day following the first immunisation. (C) Paw photographs were obtained on day 42 from mice with CIA from the day of first immunisation. 
(D) Representative histology images by H&E (upper) and Safranin O/ Fast green staining (lower) were obtained on day 67 from mice with CIA with 
the indicated treatment. Pathological changes, including synovial proliferation (yellow arrowhead) and joint destruction (red arrowhead), are shown. 
(E) Inflammation, hyperplasia, cartilage degradation and bone destruction were measured through a scoring system (n=12 mice per group). (F) 
Representative micro-CT images of hind paws and interphalangeal joints (red square). (G) BV/TV, Tb BMD, Tb Th, Tb N and Tb Sp in the distal tibia 
were assayed by micro-CT and 3D reconstruction. Furthermore, mice immunised with CII were divided into four groups (n=6 mice per group and time 
point) equating to the mean arthritis score of individual groups. The mice were treated with anti-CD109 or IgG at the indicated doses twice a week 
from the point after the second immunisation when the arthritis scores reached 6 until day 45. (H) The arthritis severity was evaluated by the arthritis 
scores. (I) Paw swelling was measured every 5 days after anti-CD109 addition. (J) Paw photographs from mice with CIA captured on day 21 after 
starting anti-CD109 treatment. (K) Representative H&E (upper) and Safranin O/Fast green staining (lower) histology images of hind paws obtained 
on day 46 from anti-CD109 treatment. Synovial proliferation (yellow arrowhead) and joint destruction (red arrowhead) are shown. (L) Quantification 
of synovitis, hyperplasia, cartilage degradation and bone destruction according to the scoring system (n=12 mice per group). (M) Representative 
micro-CT images of hind paws and interphalangeal joints (red square). (N) BV/TV, Tb BMD, Tb Th, Tb N and Tb Sp in the distal tibia were assayed by 
micro-CT and 3D reconstruction. (A, B, E, H, I and L) *p<0.05, **p<0.01 and ***p<0.001 compared with IgG. (G and N) *p<0.05, **p<0.01 and 
***p<0.001 compared with IgG in the Ctrl or CIA group. BMD, bone mineral density; BV/TV, bone volume fraction; CIA, collagen-induced arthritis; CII, 
type II collagen; NS, not significant; Tb BMD, trabecular bone mineral density; Tb N, trabecular number; Tb Sp, trabecular separation; Tb Th, trabecular 
thickness.

Discussion
The inhibition of inflammatory reactions is an investigative 
focus for treating RA.35 In this study, while confirming its roles 
in tumour progression and tissue fibrosis,7 12 36 we reveal a novel 
role for CD109 in the RA FLS-mediated immune response, 
such as in cytokine production, inflammatory signalling acti-
vation, migration, invasion and chemoattraction. As CD109 

localises to the cell surface and exists mainly in the extracellular 
compartment, its activity can be effectively blocked by specific 
antibodies.3 37 Here, we found that anti-CD109 is as effective 
as siCD109 in attenuating the arthritis phenotype of RA FLSs. 
In addition, the anti-inflammatory effect of blocking CD109 in 
RA FLSs is equally efficient in male and female patients. More 
importantly, CD109 deficiency ameliorates the severity of 
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arthritis in a CIA model. Anti-CD109 addition in vivo demon-
strates both prophylactic and therapeutic effects in a CIA model. 
Together, our results suggest that CD109 may represent a novel 
therapeutic target for RA.

ENO1 is a classical component of the glycolytic pathway and 
functions in multiple ways.38–40 A previous study showed that 
surface ENO1 activation on monocytes and macrophages from 
RA patients involves intracellular p38 MAPK and NF-κB path-
ways and excessive levels of proinflammatory mediators.30 32 
Furthermore, TNF-α-induced ENO1 contributes to RA FLS IL-6 
production, proliferation and survival.30 In addition, ENO1 
increases plasminogen levels to enhance ECM degradation and 
the subsequent migration or invasion of monocytes and tumour 
cells.39 Here, we found that CD109 forms a complex with ENO1 
and stabilises ENO1 on the cell surface, thereby mediating the 
inflammatory response of RA FLSs. These findings further 
support the hypothesis that CD109 is a crucial factor in RA 
pathogenesis and that ENO1 is required for CD109-mediated 
RA FLS activation. Further analysis would be still needed to 
clarify the regulatory mechanism toward the expression and 
activity of CD109 in RA FLSs.

CD109 deficiency caused an osteoporosis-like phenotype in 
vivo, while the osteoclasts seemingly matured. However, there 
are contradictory results from in vitro experiments.41 42 Here, 
we found that CD109 loss or inhibition increased the OPG/
RANKL ratio but reduced osteoclastogenesis and bone destruc-
tion in CIA model mice, suggesting that the effect of targeting 
CD109 on osteoclast differentiation is context-specific and needs 
further clarification for the potential treatment of RA. In addi-
tion, chronic inflammation-induced bone destruction is a critical 
pathological feature of RA.43 44 RA FLSs provide the necessary 
signals for osteoclasts and are the main resources of RANKL 
that promotes osteoclast differentiation.34 45 46 In this study, 
FLSs from CD109 KO mice were less capable than those from 
WT mice of supporting osteoclast differentiation in vitro, indi-
cating that the CD109-mediated RA FLS inflammatory response 
towards osteoclasts also contributes to bone destruction in RA.

Based on previous studies showing that CD109 decreases 
excessive ECM production in systemic sclerosis fibroblasts,12 
we explored whether an anti-CD109 antibody could be applied 
in RA patients. Our study provides a vigorous analysis of bone 
metabolism and potential adverse effects in organ fibrosis. 
CD109 is expressed in activated platelets, T cells, endothelial 
cells and a subpopulation of CD34-expressing cells.4 5 11 36 Inter-
estingly, these cells are important for RA progression, indicating 
that CD109 may contribute to RA via different routes and that 
the antiarthritis role of CD109 inhibition was achieved not only 
by RA FLSs but also by peripheral blood mononuclear cells and 
endothelial cells. To further benefit from CD109 as a treatment 
target in RA, the effects of CD109 inhibition and its underlying 
molecular mechanism in immune cells and endothelial cells 
require further investigation.

Taken together, our results uncover the proinflammatory 
properties of CD109. CD109 inhibition suppresses the inflam-
matory response and disease activity of inflammatory arthritis, 
and CD109 may serve as a suitable target for RA treatment.
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Key messages

What is already known about this subject?
►► The introduction of ACR/EULAR rheumatoid 
arthritis (RA) classification criteria has impacted 
positively on early diagnosis and treatment of 
RA leading to better outcomes. By the same 
token, broader criteria have led to the inclusion 
of patients with milder and more heterogenous 
disease. This, together with the inability 
to precisely predict disease prognosis and 
treatment response at the individual patient 
levels, emphasise the need to identify patients 
at risk of accelerated structural damage 
progression and fast-track aggressive/biological 
therapies to patients with poor prognosis.

Abstract
Objective  To establish whether synovial pathobiology 
improves current clinical classification and prognostic 
algorithms in early inflammatory arthritis and identify 
predictors of subsequent biological therapy requirement.
Methods  200 treatment-naïve patients with early 
arthritis were classified as fulfilling RA1987 American 
College of Rheumatology (ACR) criteria (RA1987) or 
as undifferentiated arthritis (UA) and patients with 
UA further classified into those fulfilling RA2010 
ACR/European League Against Rheumatism (EULAR) 
criteria. Treatment requirements at 12 months 
(Conventional Synthetic Disease Modifying Antirheumatic 
Drugs (csDMARDs) vs biologics vs no-csDMARDs 
treatment) were determined. Synovial tissue was 
retrieved by minimally invasive, ultrasound-guided biopsy 
and underwent processing for immunohistochemical 
(IHC) and molecular characterisation. Samples were 
analysed for macrophage, plasma-cell and B-cells and 
T-cells markers, pathotype classification (lympho-myeloid, 
diffuse-myeloid or pauci-immune) by IHC and gene 
expression profiling by Nanostring.
Results  128/200 patients were classified as RA1987, 
25 as RA2010 and 47 as UA. Patients classified as 
RA1987 criteria had significantly higher levels of 
disease activity, histological synovitis, degree of immune 
cell infiltration and differential upregulation of genes 
involved in B and T cell activation/function compared 
with RA2010 or UA, which shared similar clinical and 
pathobiological features. At 12-month follow-up, a 
significantly higher proportion of patients classified as 
lympho-myeloid pathotype required biological therapy. 
Performance of a clinical prediction model for biological 
therapy requirement was improved by the integration 
of synovial pathobiological markers from 78.8% to 
89%–90%.
Conclusion  The capacity to refine early clinical 
classification criteria through synovial pathobiological 
markers offers the potential to predict disease outcome 
and stratify therapeutic intervention to patients most in 
need.

Introduction
The introduction of new classification criteria 
for rheumatoid arthritis (RA) in 20101 has been 
demonstrated to be clinically useful with enhanced 
diagnostic sensitivity in early disease compared 
with 1987 criteria2 ; however, this is balanced by 
a lower specificity.3 4 This is of particular impor-
tance, as data suggest that approximately 40% 
of patients with early inflammatory arthritis, not 
fulfilling 1987 criteria, may spontaneously remit 
while approximately 30% will progress to RA.5 
Critically, the mechanisms underlying the tran-
sition from undifferentiated arthritis (UA) to RA 
remain unknown though it has been suggested 
that qualitative or quantitative difference within 
synovial tissue may contribute to diverse disease 
evolution and/or treatment response.6 7 Thus, 
pretreatment stratification of early inflammatory 
arthritis is important in order to target therapy 
to poor prognosis patients. Previous data suggest 
that stratifying early arthritis according to RA2010 
versus RA1987 classification criteria reveals signif-
icant clinical heterogeneity in diagnosis at 2-year 
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What does this study add?
►► This study analyses the largest biopsy-driven early 
inflammatory arthritis cohort to date (200 patients) 
and, through a detailed synovial cellular and molecular 
characterisation refines ACR/EULAR disease classification. 
In addition, the study identifies synovial pathobiological 
markers associated with the lympho-myeloid pathotype 
and the requirement of biological therapy at 12 months, 
reinforcing recently published data that indicate that these 
patients are affected by highly aggressive disease and 
worse radiographic outcome. Notably, these findings are 
independent from the time of diagnosis within the first 
12 months of symptoms initiation, suggesting that the so-
called ‘window of opportunity’ is wider than 6 months and 
early stratification of biological therapies according to poor 
prognostic synovial pathobiological subtypes at disease onset 
may improve the outcome of these patients. The integration 
of synovial pathobiological markers into a logistic regression 
model improves the prediction accuracy from 78.8% 
(clinical) to 89%–90% (clinical +molecular) and enables the 
identification at disease onset of patients who subsequently 
require biological therapy. Thus, this study provides support 
to the notion that biological therapies should be started early 
in patients with poor prognosis.

How might this impact on clinical practice or future 
developments?

►► The identification at disease onset of patients who are 
unlikely to respond to csDMARDs remains a major unmet 
need. The capacity to refine early clinical classification criteria 
through the application of synovial pathobiological markers 
and the ability to identify patients who subsequently require 
biological therapy at disease onset offer the opportunity to 
stratify therapeutic intervention to the patients most in need. 
This present study adds weight to the need to change current 
therapeutic algorithms and start biological therapies at 
disease onset in patients with poor prognosis. This is likely to 
have a major impact on disease control/remission and long-
term disability, as notionally supported by numerous early 
intervention studies using biological therapies.

follow-up8 although subsequent analysis of synovial tissue did 
not suggest that such clinical heterogeneity translated to signif-
icant differences in synovial pathobiology.9 However, recently 
published data from a cohort of 144 patients with early RA 
have demonstrated that synovial cellular and molecular signa-
tures define prognostic and treatment response phenotypes.10 
Importantly, whether clinical heterogeneity associated with 
the introduction of the 2010 ACR/EULAR criteria can be 
explained by synovial pathobiological signatures and whether 
they associate with subsequent disease outcome, up to now, 
remain unknown.

Therefore, the aim of this study was to investigate whether in 
patients with early inflammatory arthritis synovial cellular and 
molecular signatures: (1) segregate according to clinical clas-
sification (RA1987 vs RA2010 vs UA), (2) change depending 
on symptom duration and (3) determine prognosis including 
subsequent requirement for biological therapy.

Patients and methods
Patients
Two hundred consecutive patients with inflammatory arthritis 
recruited at Barts Health NHS Trust as part of the multicentre 
pathobiology of early arthritis cohort (http://www.​peac-​mrc.​
mds.​qmul.​ac.​uk) were included within the study. Patients were 
treatment naïve (csDMARD and steroid) and had <1 year 
symptoms.

At baseline, patients underwent collection of routine demo-
graphic data and were categorised according to the following 
criteria: (1) RA19872 or (2) UA. 2010 ACR/EULAR criteria 
for RA1 were then applied to further classify patients with UA, 
resulting in three groups: (1) RA1987 (RA1987+/RA2010+), 
(2) RA2010 (RA1987−/RA2010+) and (3) UA (RA1987−/
RA2010−). An ultrasound-guided synovial biopsy of a clinically 
active joint was performed.11 Patients were then given standard 
conventional synthetic csDMARD therapy with a treat-to-target 
approach to treatment escalation (Disease Activity Score 28 joints 
(DAS28) <3.2). Patients failing csDMARD therapy were given 
biological therapy (anti-tumour necrosis factor (TNF), tocili-
zumab or rituximab) according to the prevailing UK National 
Institute for Clinical Excellence (NICE) prescribing algorithm 
if they continued to have a DAS28 >5.1 following 6 months 
of therapy.12 At 12-month, follow-up patients were catego-
rised as follows: (1) self-limiting (SL) disease (DAS28 <3.2 and 
off csDMARD/steroid therapy) versus persistent disease (PD) 
(DAS28 >3.2 and/or csDMARD) and (2) symptomatic treatment 
(non-steroidal anti-inflammatories) versus csDMARD therapy 
versus biological ±csDMARD therapy.

Synovial biopsy collection and processing
A minimum of six biopsies per patient were collected for paraffin 
embedding and if intact lining layer identified underwent histo-
pathological assessment. Synovitis score was determined using 
a previously validated scoring system.13 Following immunohis-
tochemical staining of sequentially cut slides using previously 
reported protocols for B cells (CD20), T cells (CD3), macro-
phages (CD68) and plasma cells (CD138), the degree of immune 
cell infiltration was assessed semiquantitatively (0–4).14 Biopsies 
were stratified into one of three synovial pathotypes according 
to the following criteria: (1) lympho-myeloid presence of grade 
2–3 CD20 +aggregates, (CD20 ≥2) and/or CD138 >2, (2) 
diffuse-myeloid CD68 SL ≥2, CD20 ≤1 and/or CD3 ≥1, 
CD138 ≤2 and (3) pauci-immune CD68 SL <2 and CD3, CD20, 
CD138 <1.

Nanostring analysis
A minimum of six synovial samples per patient were immedi-
ately immersed in RNA-Later and RNA extraction performed 
as previously described.10 RNA samples then underwent 
profiling for the expression of 238 genes preselected based on 
previous microarray analyses of synovial tissue from patients 
with established RA15 and/or relevance to RA pathogenesis. 
Raw NanoString counts were processed using the NanoS-
tringQCPro package in R V.3.2.0. Counts were normalised 
for RNA content by global gene count normalisation and 
then log transformed (base 2). The validity of normalisation 
was then checked via box plot and scatter plot of normalised 
counts. Benjamini-Hochberg method was used to adjust for 
multiple testing, and genes were considered to be differentially 
expressed if they demonstrated an false discovery rate (FDR)-
adjusted p<0.01.
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Statistical analysis
Statistical analyses were run using R V.3.0.2. For three-way 
comparisons, the Kruskal-Wallis test was used for continuous 
and χ2 or Fisher’s exact test used for categorical variables as 
appropriate. A p<0.05 was considered statistically significant. 
Post hoc comparison tests were performed using the Dunn test 
or Bonferroni correction as appropriate.

Linear regression models
Logistic regression using forward, backward and bidirectional 
stepwise selection was employed using the glm function in R.

Gene expression predictors were selected by L1 (LASSO) 
sparse logistic regression using R package glmnet. The penalty 
parameter λ was optimised using 10-fold cross validation. λ 
corresponding to the minimum mean cross-validated error was 
retained as final penalty parameter in the model.

Predictive performance evaluation
Predictive performance of the final prediction model was 
assessed by computing the area under the receiver operating 
characteristic curve (AUC), using both apparent and internal 
validation with 95% CI. Internal validation using a bootstrap 
method16 17 (performed with R package boot version 1.3-18) 
was employed to correct for overfitting, to generate unbiased 
optimism-adjusted estimates of the C statistic (AUC) with low 
absolute error. Bootstrap estimate of the AUC statistic was 
computed by random sampling with replacement 500 times to 
enable estimation of the optimism corrected AUC.

Results
Patient demographics and clinical correlations
Two hundered pathobiology of early arthritis cohort patients 
were included: 128/200 (64%) patients were classified as RA1987 
(RA1987+/RA2010+) and 72/200 (36%) as UA. Of the patients 
with UA, 25 were further classified as RA2010 (RA1987−/
RA2010+) (25/200, 12.5%) and 47 remained as UA (RA1987−/
RA2010−) (47/200, 23.5%) (figure 1A). No significant difference 
in mean age, disease duration or erythrocyte sedimentation rate 
(ESR) between groups was demonstrated. However, the RA1987 
group had significantly higher levels of C reactive protein (CRP), 
tender joint count (TJC), swollen joint count (SJC), DAS28, rheu-
matoid factor (RF), anticitrullinated protein antibody (ACPA) and 
Visual Analogue Score (VAS) and significantly higher numbers of 
patients seropositive for RF and ACPA compared with either the 
RA2010 or UA groups (figure 1B). SJC and ACPA titres were the 
only clinical parameters with significant differences between the 
RA2010 and UA groups, indicating that in terms of clinical measures 
of disease activity these two groups are relatively homogenous.

Synovial pathotypes distinguish clinical phenotypes 
regardless of disease duration
Synovial biopsies were obtained predominantly from small 
joints (81.5%) (figure 2A). Patients with synovial tissue suitable 
for histological analysis (166/200) were segregated according to 
baseline synovial pathotype (figure 2B) and differences in clin-
ical parameters evaluated. We demonstrated significantly higher 
mean DAS28 within the lympho-myeloid compared with either 
the diffuse-myeloid or pauci-immune group (5.82 vs 4.93 vs 4.86, 
p<0.001). Mean CRP was significantly higher in the lympho-
myeloid and diffuse-myeloid versus pauci-immune groups 
(16.86 vs 15.52 vs 9.55, p<0.001) and a significantly higher 
number of patients were seropositive for either RF (p=0.012) or 
ACPA (p=0.011) within the lympho-myeloid group (figure 2C). 
To evaluate whether disease duration influenced prevalence of 

synovial pathotype, patients were stratified into four groups 
according to disease duration at baseline (1–3 m, 4–6 m, 7–9 m 
and 10–12 m) and frequency of synovial pathotype determined. 
No significant differences in synovial pathotype frequency at 
each timepoint were demonstrated (p=0.65) (figure 2D).

RA1987 patients display significantly higher levels of synovial 
immune cell infiltration compared to RA2010 and UA patients
Patients were segregated according to pathotype and further into 
RA1987, RA2010 and UA categories. A higher proportion of 
patients within the RA1987 group were categorised as lympho-
myeloid (vs diffuse myeloid or pauci-immune) (43.5% vs 33% vs 
23.5%) (figure 3A). We also demonstrated a significantly higher 
mean synovitis, CD3 +T cell, CD20 +B cell, CD138 +plasma cell 
and CD68 +SL/L macrophage score between the RA1987 group 
and both the RA2010 and UA groups (p<0.001) (figure 3B). We 
saw no significant differences in synovitis score, mean CD3 +T, 
CD20 +B, CD68 +L or SL macrophage or CD138 +plasma cell 
number between the RA2010 and UA group (figure 3B), indicating 
that these two groups are relatively homogenous in terms of tissue 
pathology.

Synovial genes regulating B cell activation and function are 
significantly upregulated in RA1987 patients compared to the 
RA2010/UA groups
Of 200 patients, 145 had RNA available for Nanostring anal-
ysis (95/128 RA1987 patients, 12/25 RA2010 patients and 
38/47 patients with UA) and were analysed for differential gene 
expression (238 genes) between groups.

Comparing RA1987 versus RA2010 groups, we demonstrated a 
significant differential expression of 53 genes (figure 3C). In line 
with the histological analysis, a number of differentially upregu-
lated genes within the RA1987 cohort were involved in mediating 
B cell activation/function (eg, CD79A, CD38, IGJ, CXCL13, IRF4, 
CCL19, CD38, TNFA and IL6). When evaluating gene expression 
between RA1987 and UA groups, we found a similar trend with 
differential upregulation of a number of genes within the RA1987 
cohort mediating B cell activation/function although only CXCL13 
remained significant following correction for multiple comparisons 
(figure 3D). Conversely, when evaluating gene expression between 
the RA2010 and UA cohorts, only seven genes appeared as signif-
icant with a preponderance of differentially upregulated genes 
within the RA2010 cohort mediating cartilage biology (COMP, 
DKK3, INHBA) and none remaining significant after correction 
for multiple comparisons (figure 3E).

Classification as RA1987 criteria at disease onset predicts PD 
at 12 months
Of 200 patients, 190 had 12-month follow-up data available; 
we examined whether baseline synovial pathotype was associ-
ated with disease evolution. 119/121 (99%) RA1987 patients 
and 19/22 (90%) RA2010 had PD (figure 4A). Within the UA 
cohort, 11/47 (23%) had other diagnoses. Of the remaining 36 
patients, 26/36 (72.2%) had PD, and 10/36 (27.8%) SL. Of the 
patients with UA with PD, 4/26 (15.3%) progressed to fulfil 
2010 ACR/EULAR criteria RA at 12 months. Results demon-
strated a significantly higher proportion of patients with SL 
disease in the UA group compared with the RA2010 or RA1987 
groups and a significantly higher number of patients within 
the RA1987 group with PD (figure  4B). When evaluating the 
effect of baseline pathotype, we demonstrated a higher propor-
tion of patients with a lympho-myeloid versus diffuse-myeloid 
or pauci-imune pathotype (39% vs 32% vs 13%) with PD 
and a higher number of patients with a diffuse-myeloid versus 
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Figure 1  Baseline patient demographics. (A) Baseline classification of patients. Two hundred patients were classified into RA1987 versus UA. 
RA2010 ACR/EULAR criteria were then applied to patients with UA. Final 3 groups obtained showed 47 patients UA (RA1987−/RA2010−), RA2010 
(RA1987−/RA2010+), RA1987 (RA1987+/RA2010+). (B) Demographics according to classification criteria. Data are presented as mean (SD) for 
continue variables and frequency and percentages for categorical variables. Baseline characteristics between the three groups were compared using 
the Kruskal-Wallis or Fisher’s exact test as appropriate. For post hoc comparison, Dunn tests were run and p value from pairwise comparison reported 
in the last three columns of the table. ACPA titre, anticitrullinated protein antibody titre (IU/L); ACPA +ve, anticitrullinated protein antibody (>20 IU/L); 
CRP, C reactive protein; DAS28, Disease Activity Score 28 joints; ESR, erythrocyte sedimentation rate; RF titre, rheumatoid factor titre (IU/mL); RF +ve, 
rheumatoid factor serum positive (>15 IU/L); 28TJC, 28 tender joint count; 28SJC, 28 swollen joint count.

http://ard.bmj.com/


1646 Lliso-Ribera G, et al. Ann Rheum Dis 2019;78:1642–1652. doi:10.1136/annrheumdis-2019-215751

Early arthritis

Figure 2  Patient demographics and disease activity: comparison between pathotypes. (A) Number of biopsy procedures per joint. MCP, 
metacarpophalangeal; MTP, metatarsophalangeal; PIP, proximal interphalangeal. (B) Representative images of synovial pathotypes. Sections 
underwent immunohistochemical staining and semiquantitative scoring (0–4) to determine the degree of CD20 +B cells, CD3 +T cells, CD68 +lining) 
and sublining macrophage and CD138 +plasma cell infiltration. Sections were categorised into three pathotypes: (1) pauci-immune (CD68 SL <2 and 
or CD3, CD20, CD138 <1), (2) diffuse myeloid: (CD68SL >2, CD20 <1 and or CD3 >1) and (3) lymphomyeloid: (grade 2–3 CD20 +aggregates, CD20 
>2). Arrow heads indicate positive stain cells. Empty arrows indicate B cell aggregates. (C) Demographic analysis by pathotype. Data are presented as 
mean and SD for numerical variables and frequency and percentage for categorical variables. Baseline characteristics between the three pathotypes 
were compared using a Kruskall-Wallis test and Fisher test (RF and ACPA positivity) as appropriate. Post hoc analysis for significant differences 
using the Dunn test for multiple comparison. A p value of <0.05 was considered statistically significant. (D) Pathotype according to disease duration 
(months) at diagnosis. Absolute values (N) and percentage. A p value of <0.05 was considered statistically significant. ACPA titre, anticitrullinated 
protein antibody titre (IU/L); ACPA +ve, anticitrullinated protein antibody (>20 IU/L); CRP, C reactive protein; DAS28, Disease Activity Score 28 joints; 
ESR, erythrocyte sedimentation rate; RF titre, rheumatoid factor titre (IU/mL); RF +ve, rheumatoid factor serum positive (>15 IU/L); 28TJC, 28 tender 
joint count; 28SJC, 28 swollen joint count.
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Figure 3  Variation in synovial pathobiology according to clinical classification of patients. (A) Baseline clinical classification compared with 
pathotype. Baseline subgroups (RA1987, RA2010 and UA) were compared with pathotype. Fisher test used for analysis. (B) Immune cell infiltration for 
each clinical subgroup. Kruskal-Wallis test for comparison between three groups. Post hoc analysis for significant differences using the Dunn test for 
multiple comparison. (C) (C–E) Gene expression analysis for comparison between subgroups. t-Test for comparison and volcano plot for representative 
image. Positive values represent upregulation and negative values downregulation. Green circles above green horizontal line represents non-corrected 
for multiple analysis expressed genes between groups. Red circles above red line represents corrected p values (Benjamini-Hochberg (BH) method) 
for multiple analysis. (C) Volcano plot RA1987 versus RA2010: difference in gene expression between patient fulfilling RA 1987 ACR criteria and RA 
2010 ACR/EULAR criteria. (D) Volcano plot RA1987 versus UA: difference in gene expression between patient fulfilling RA 1987 ACR criteria and UA. 
(E) Volcano plot RA 2010 versus UA: differences in gene expression between patient fulfilling RA 2010 ACR/EULAR criteria and UA. RA, rheumatoid 
arthritis; UA, undifferentiated arthritis.
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Figure 4  Disease evolution. (A) Patient classification after 12-month follow-up. Disease outcome after 12 months of follow-up for each of the initial 
baseline subgroups (RA1987/RA2010/UA). Disease evolution classified as self-limiting or persistent disease. Other diagnosis as described for those 
who were reclassified after 1 year form UA cohort. (B) Disease evolution by subgroups. Disease evolution was compared with baseline subgroups 
(RA1987, RA2010 and UA). Fisher test used for analysis. (C) Disease evolution by pathotype. Disease evolution was compared with pathotype (pauci-
immune vs diffuse myeloid vs lymphomyeloid). Fisher test used for analysis. A p value of <0.05 was considered statistically significant. RA, rheumatoid 
arthritis; UA, undifferentiated arthritis.

lympho-myeloid or pauci-immune pathotype (54% vs 18% vs 
27%) with SL (figure 4C).

A baseline lympho-myeloid pathotype significantly associates 
with 12-month requirement for biological therapy
Patients stratified according to diagnostic group or patho-
type were further classified according to 12-month treatment 
requirement: (1) symptomatic treatment, (2) csDMARDs or 
(3) biologics±csDMARDs. A significantly higher proportion 
of RA1987 patients required biologic compared with RA2010 
and UA (27.82% vs 20.83% vs 10.63%) (p<0.001) (figure 5A) 
and importantly, lympho-myeloid (vs diffuse-myeloid or pauci-
immune) pathotype significantly associated with 12-month 
requirement for biological therapy (57% vs 21% vs 21% 
p=0.02) (figure 5B).

We then compared expression of the 238 genes in the Nanos-
tring panel between patients requiring biological therapy (n=34) 
or not (n=106) and found 119 differentially expressed genes. 
Patients requiring biological therapy had significantly higher 

differential upregulation of genes regulating B and T cell 
proliferation, differentiation and activation (eg, TNFRSF13C, 
CD79A, CD2, CD3E and CD38), genes involved in matrix 
metallopeptidase production/regulation (eg, MMP1 and TIMP1), 
genes involved in cytokine-mediated cellular activation (TNFA, 
TRAF3IP3, IFNA1) and osteoclastogenesis inhibition (DEF6). 
Patients who did not require biological therapy expressed some 
B and T cell regulation genes and B proliferation markers but 
mostly markers of fibroblast proliferation and cartilage turnover 
(figure 5C).

To determine whether disease duration influenced outcome, 
we segregated patients according to 12-month treatment (biolog-
ical therapy or not) and further into disease duration quartiles 
(figure 5D) and demonstrated no significant differences in terms 
of disease duration at diagnosis. Next, we segregated patients 
treated with biological therapy (n=39) according to quartiles 
of disease duration and then synovial pathotype. We found 
no significant differences in patient number in each quartile 
(p=0.3) (figure 5E). These results strongly suggest that synovial 
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Figure 5  (A) Comparison between diagnostic subgroups and treatment outcome at 12-month follow-up. Treatment required was divided in 
three groups: (1) no treatment; (2) csDMARDs only, and (3) csDMARDs ±biologics. Fisher test for analysis. (B) Comparison between pathotype and 
treatment outcome at 12 months. (C) Gene expression analysis, represented in a volcano plot comparison between patient requiring biologics versus 
non-biological group. t-Test comparison for gene difference expression between groups. Positive values represent upregulation and negative values 
downregulation. An adjusted (Benjamini-Hochberg (BH) correction for multiple analysis) p value of <0.01 was considered statistically significant, 
represented as dots above red line. Green dots above green line for gene expression significance when no correction applied for multiple analysis 
(p<0.05). (D) Treatment outcome according to baseline disease duration. Fisher test for analysis. (E) Pathotype according to baseline disease 
duration for biological patient cohort. Fisher test for analysis. A p value of <0.05 was considered statistically significant unless otherwise stated. RA, 
rheumatoid arthritis; UA, undifferentiated arthritis.
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pathotype rather than disease duration influences 12-month 
treatment outcome.

Synovial gene expression signatures enhance the 
performance of clinical prediction models for biological 
requirement
To determine whether baseline clinical and gene expression data 
could be combined into a model for predicting requirement for 
biological therapy, we used two complementary approaches: a 
logistic regression model to identify predictive clinical covari-
ates, and a penalised method based on logistic regression with an 
L1 regularisation penalty (LASSO) to identify genes improving 
the clinical model.

Nine baseline clinical covariates were considered as candidates 
in the regression model: disease duration, ESR, CRP, RF, ACPA, 
TJC, SJC, DAS28 and pathotype (two categories, lympho-
myeloid vs pauci-immune/diffuse-myeloid). Logistic regression 
models using backward forward and bidirectional stepwise selec-
tion resulted in the selection of the same set of clinical covari-
ates: DAS28, pathotype, CRP and TJC. The apparent predictive 
performance of the model evaluated by AUC was 0.78 (95% CI 
0.70 to 0.87).

Genes were selected to improve the clinical model using 
logistic regression with an L1 regularisation penalty (LASSO) 
applied on the four clinical covariates selected by the previous 
logistic regression and the 119 genes identified as being signifi-
cantly differentially expressed between the biological and non-
biological groups. Models in which clinical predictors were 
penalised or subject to forced inclusion were compared. When 
all predictors were penalised, 11 predictors were retained in the 
final model and when the clinical covariates were not penalised, 
13 predictors were retained (figure 6A). In both the penalised 
and unpenalised clinical model, the apparent prediction perfor-
mance was improved (apparent AUC=0.89, 95% CI 0.83 to 
0.95 and AUC=0.90, 95% CI 0.84 to 0.95) (figure  6B). We 
additionally performed internal validation to correct the AUC 
performance measure for overfitting by calculating the opti-
mism of the AUC for each model by bootstrapped sampling with 
replacement from the original dataset. The optimism corrected 
AUC was 0.75 for the pure clinical model and 0.81 for the clin-
ical and gene model (LASSO) (figure 6C and D) suggesting that 
including both clinical covariates and genes in the model results 
in an improvement of the predictive ability of the model.

Discussion
These results present a number of novel findings: first, they 
strongly suggest that patients with early inflammatory arthritis 
not fulfilling RA1987 criteria display similar clinical, synovial 
histological and molecular features irrespective of further classi-
fication according to RA2010 or UA criteria. Second, these data 
also suggest that a lympho-myeloid pathotype at disease onset 
predicts poor outcome with patients subsequently requiring 
biological therapy irrespective of clinical classification, and 
finally that the integration of histological and molecular signa-
tures into a clinical prediction model enhances sensitivity/spec-
ificity for predicting whether patients will require biological 
therapy.

To the best of our knowledge, these results emerge from the 
largest synovial tissue treatment-naïve early arthritis cohort 
reported to date and support previous data from early RA cohorts 
suggesting that a synovial immune cell infiltrate characterised by 
a predominant infiltrate of B cells associates with more active 
disease18 and seropositivity for RF and ACPA.10 The results 

suggest that this effect also extends to patients within the UA 
cohort. The clinical similarities between RA2010+/RA1987− 
patients and those with UA have been reported previously8 and 
the data presented herein provide a pathophysiological explana-
tion for this with the demonstration of homogeneous synovial 
cellular and molecular signatures among the two groups. The 
data show a lower percentage of patients requiring biological 
therapy in RA2010+/RA1987− group, in line with the expecta-
tion that the ACR/EULAR 2010 criteria enable an earlier diag-
nosis and thus efficacious treatment. However, it is also possible 
that this group has a milder pathology from the beginning.

Although synovial pathotypes per se do not appear to distin-
guish between patients at risk of developing PD rather than 
SL disease, this is not surprising given the early and treat-to-
target approach pursued in the study rather than observing 
untreated natural disease evolution. However, when applying 
12-month biological requirement as a prognostic outcome, we 
demonstrated that patients with a lympho-myeloid pathotype 
with a dense synovial infiltrate enriched in B cells and signif-
icant upregulation of T/B cell genes at disease onset predicted 
requirement for subsequent biological therapy and critically 
that this was independent of disease duration. These results 
are consistent with recently published data in early RA which 
reports that the lympho-myeloid pathotype is associated with 
highly agressive disease and worse radiographic outcomes.10 
The current study reinforces these findings demonstrating 
that, at 12-month follow-up, a significantly higher proportion 
of patients classified as lympho-myeloid pathotype required 
biological therapy. The study also calls into question the current 
dogma surrounding ‘an early window of opportunity’ for all 
patients with RA,19–21 suggesting that pathotype rather than 
simply disease duration influences outcome and that intensive 
therapeutic regimens should be targeted to poor prognostic 
pathotypes. This notion is supported by the demonstration that 
the integration of synovial histological and molecular markers 
into a clinical prediction model for biologics use improves sensi-
tivity/specificity from 78.8% to 89%–90% independently from 
disease duration.

Discrepancy with previously reported data suggesting that 
synovial heterogeneity does not relate to clinical phenotypes9 
maybe explained by the fact that in our study the majority of 
biopsies were performed on small joints while in that cohort 
arthroscopic biopsy was restricted to patients with mainly large 
joint involvement and, thus, a potential selection bias.22 Addi-
tionally, the paired histological and molecular data in the largest 
biopsy-driven early arthritis cohort reported to date ensured 
internal validation and high classification accuracy.

Our study does have limitations however, for example, the 
real-life nature of the study did not permit the true evaluation 
of the natural history of the disease or outcome, as no patients 
were left untreated and therapy was not actively withdrawn. 
Also, a treat-to-target approach, treatment escalation and initia-
tion of biological therapy, was determined by treating physicians 
according to NICE guidelines rather than study protocol.

Within these limitations, our results are robust and suggest 
that the introduction of the new RA2010 classification criteria 
brings additional clinical and biological heterogeneity into early 
patient classification compared with the 1987 criteria with 
limited ability of RA2010 criteria alone to predict poor outcome. 
The demonstration that the integration of synovial pathobiolog-
ical markers into clinical algorithms predicting poor outcome 
(requirement for biological therapy) independent of disease 
duration suggests that the ‘window of opportunity’ is wider 
than 6 months and early stratification of biological therapies 
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Figure 6  Prediction model. (A) and (B) Identification of clinical and gene expression features predictive of biological therapy use at 1 year. Logistic 
regression, coupled with backward and stepwise model selection, was applied to baseline clinical parameters against a dependent variable of 
biological therapy use or not at 12 months to select which clinical covariate contributed the most to the prediction. Selected covariates (119 genes+4 
clinical covariates) were entered simultaneously into a logistic model with an L1 regularisation penalty (LASSO) in order to determine the optimal 
sparse prediction model. A similar predictive performance of the model when clinical was seen when results were penalised (blue-dashed line, A) than 
when they were not penalised (red-dotted line, A) with a slightly different set of selected covariates (B). (B) Non-zero weights associated with the final 
variables selected by the LASSO regression. The grey spaces represent the variables that were not selected by the model. (C) and (D) Lambda training 
curve from the final glmnet fitted model. The red dots represent mean binomial deviance using 10-fold cross validation. The error bars represent SE of 
binomial deviance. The vertical dotted lines indicate minimum binomial deviance (λmin) and a more regularised model for which the binomial deviance
error is within one SE of the minimum binomial deviance (λ1se). λmin was selected, corresponding to 11 non-zero coefficients in the final model for the
LASSO where clinical were penalised (C) and 13 non-zero coefficients in the final model for the LASSO where clinical were not penalised (D). AUC, 
area under the receiver operating characteristic curve; CRP, C reactive protein; DAS28, Disease Activity Score 28 joints; TJC, tender joint count.

according to poor prognostic synovial pathobiological subtypes 
at disease onset may improve the outcome of these patients.
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Key messages

What is already known about this subject?
►► The HLA-B27 allele is strongly associated 
with spondyloarthritis (SpA) risk by unknown 
mechanism.

What does this study add?
►► In this study, a new model of Drosophila 
transgenic for HLA-B27 was investigated, 
showing a wing phenotype, not observed in 
control HLA-B7 transgenic Drosophila.

►► This phenotype was due to a dominant negative 
effect of HLA-B27 on the Drosophila type I bone 
morphogenetic protein receptor, saxophone 
(Sax) with which it interacted specifically.

►► In immune cells from SpA patients, a specific 
interaction was also shown between HLA-B27 
and the mammalian Sax ortholog, activin 
receptor-like kinase-2 (ALK2) and, as predicted 
if HLA-B27 antagonised ALK2, an increased 
response to Activin A and transforming growth 
factor b (TGFb).

How might this impact on clinical practice or 
future developments?

►► This study implicates a misregulation of the 
BMP/TGFb pathway as a putative pathogenic 
mechanism of HLA-B27 for SpA development.

Abstract
Objectives  The human leucocyte antigen (HLA)-B27 
confers an increased risk of spondyloarthritis (SpA) by 
unknown mechanism. The objective of this work was to 
uncover HLA-B27 non-canonical properties that could 
explain its pathogenicity, using a new Drosophila model.
Methods  We produced transgenic Drosophila 
expressing the SpA-associated HLA-B*27:04 or 
HLA-B*27:05 subtypes, or the non-associated 
HLA-B*07:02 allele, alone or in combination with human 
β2-microglobulin (hβ2m), under tissue-specific drivers. 
Consequences of transgenes expression in Drosophila 
were examined and affected pathways were investigated 
by the genetic interaction experiments. Predictions of the 
model were further tested in immune cells from patients 
with SpA.
Results  Loss of crossveins in the wings and a reduced 
eye phenotype were observed after expression of 
HLA-B*27:04 or HLA-B*27:05 in Drosophila but not in 
fruit flies expressing the non-associated HLA-B*07:02 
allele. These HLA-B27-induced phenotypes required the 
presence of hβ2m that allowed expression of well-folded 
HLA-B conformers at the cell surface. Loss of crossveins 
resulted from a dominant negative effect of HLA-B27 on 
the type I bone morphogenetic protein (BMP) receptor 
saxophone (Sax) with which it interacted, resulting 
in elevated mothers against decapentaplegic (Mad, a 
Drosophila receptor-mediated Smad) phosphorylation. 
Likewise, in immune cells from patients with SpA, 
HLA-B27 specifically interacted with activin receptor-
like kinase-2 (ALK2), the mammalian Sax ortholog, at 
the cell surface and elevated Smad phosphorylation 
was observed in response to activin A and transforming 
growth factor β (TGFβ).
Conclusions  Antagonistic interaction of HLA-B27 with 
ALK2, which exerts inhibitory functions on the TGFβ/
BMP signalling pathway at the cross-road between 
inflammation and ossification, could adequately explain 
SpA development.

Introduction
The class I major histocompatibility complex 
(MHC-I) allele encoding human leucocyte antigen 
(HLA)-B27 is the main genetic factor predisposing 
to ankylosing spondylitis (AS) and the related spon-
dyloarthritis (SpA). This is a group of frequent 
disabling diseases primarily characterised by chronic 
inflammation of the axial skeleton, leading to bony 

ankylosis of the sacroiliac and vertebral joints.1 
Strong association between AS and HLA-B27 was 
first described 46 years ago2 but still remains largely 
unexplained.

On synthesis, MHC-I heavy chain enters the 
endoplasmic reticulum (ER) where it associates 
non-covalently with both the invariant human 
ß2-microglobulin (hβ2m) chain and an 8 to 10-mer 
peptide before being exported to the cell surface 
via the Golgi apparatus.3 The canonical function of 
HLA-B molecules is to present antigenic peptides 
derived from cytosolic proteins to CD8+ T cells, 
leading to a cytotoxic response.4 Accordingly, one 
of the oldest theories that was proposed to explain 
HLA-B27 pathogenicity, also designated as the 
‘arthritogenic peptide’ hypothesis, speculates on the 
capacity of this molecule to specifically present as 
yet undetermined antigenic peptide(s) derived from 
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the joint, thereby triggering a harmful CD8+ T cell-mediated 
response.5 However, convincing evidence supporting the impli-
cation of such mechanism is still lacking. Other theories have 
emerged more recently, based on non-canonical biological 
features of HLA-B27. These include the formation of homod-
imers of HLA-B27 heavy chains at the cell surface, interacting 
with killer immunoglobulin-like receptors expressed on CD4+ 
T cells and natural killer cells.4 Alternatively, failure of HLA-B27 
to fold properly during its assembly may lead to an ER stress 
response, thereby fostering chronic inflammation.6 However, 
none of these hypotheses has been fully proven yet.

Drosophila melanogaster is an invaluable system to understand 
complex molecular mechanisms.7 Indeed, many cellular signal-
ling pathways and functions are conserved between mammals 
and Drosophila. Here, we speculated that this simple experi-
mental live system could be suitable to unravel aberrant func-
tional consequences of HLA-B27/hβ2m expression, which could 
contribute to its pathogenicity.

Methods
Drosophila lines
Drosophila were cultured using standard corn-agar medium. 
Crosses were performed at 25°C. Various GAL4 drivers used 
to induce transgenes expression and origin of the stocks are 
described in online supplementary table 1.

Transgenic lines constructs
Flies carrying the cDNA of either HLA-B*27:04, HLA-B*27:05, 
HLA-B*07:02 or hβ2m, under control of UAS regulatory 
sequences that can be bound by the yeast GAL4 transcription 
factor to direct tissue-specific expression were generated by 
P-element transgenesis.8 Human cDNAs containing the full-
length coding region have been previously described.9 They 
were ligated in the pUASg-attB vector (Gateway Technology). 
The resulting plasmids were purified with Qiagen tips and sent 
for injection into w1118 embryos (BestGene, California, USA). 
UAS-HLA-B*07:02, UAS-HLA-B*27:05 and UAS-HLA-B*27:04 
transgenes were all inserted as single copy in the same predefined 
site (68A4 of chromosome 3) allowing to control for the non-
specific consequence of the insertion, when comparing different 
HLA-B transgenes. UAS-hβ2m was inserted in 89E11 of chromo-
some 3. At least two independent transgenic lines were studied 
for each single or recombined transgene, leading to identical 
phenotype. Effective expression of the transgenes was observed 
at the transcription and protein levels by real-time quantitative 
PCR (RT-q-PCR) and Western-blot, respectively (online supple-
mentary file 1a-c).

Genetic interaction tests
The effect of HLA-B*27:05/hβ2m expression driven by nub-
Gal4 was assayed in different genetic backgrounds to test for 
the interaction of HLA-B*27:05 with different candidate genes. 
nub-Gal4 >UAS-HLA-B*27:05, UAS-hβ2m Drosophila females 
were crossed with males bearing a loss of function or overex-
pressing mutant alleles of these genes. Each test was done thrice 
in independent experiments. For wing phenotype analysis, all 
the progeny was analysed for each cross, including 40–100 flies. 
The phenotype of each cross was fully penetrant. About 10 adult 
wings were dissected from random adult flies in phosphate-
buffered saline (PBS) and mounted with 50% glycerol. Images 
were obtained with an LEICA MZFLIII microscope and an 
Olympus DP20 digital colour camera (Olympus, Hamburg, 
Germany). Scale information was recorded in the image. For 

wing imaginal discs, the number of imaginal discs analysed was 
indicated on the corresponding graph.

RNA extraction and RT-q-PCR
Forty wing imaginal discs were dissected in the RNA XS Nucle-
oSpin kit's lysis buffer (Macherey-Nagel, Düren, Germany) on ice 
for each genotype to extract total RNAs. RNA concentration was 
determined by NanoDrop 1000 (ThermoScientific, Wilmington, 
USA). Reverse transcription was performed using 500 ng of total 
RNA following the protocol of M-MLV Reverse Transcriptase 
(ThermoScientific). RT-q-PCR was performed using the CFX96 
Touch RT-PCR Detection System. Reaction mix preparation is 
composed of iTaq Universal SYBRGreen Supermix (BIORAD, 
Hercules, USA) and 11 ng of cDNA as described in Biorad reac-
tion mix preparation protocol. Three independent RT-q-PCR 
experiments were performed and data were normalised against 
uba2 mRNA levels. Forward and reverse primer sequences (Invi-
trogen, Life Technologies) used for RT-q-PCR are shown in 
online supplementary table 2.

Immunostaining and microscopy
Wing discs of third-instar larvae were dissected and immunos-
tained as previously described.10 The following primary anti-
bodies (Abs) were used: rabbit anti-death caspase-1 (Asp216, 
Cell Signaling, Danvers, Massachusetts, USA, 1:50)11; rabbit 
anti-phosphorylated (p)-Smad1/5 to detect p-mothers against 
Dpp (p-Mad, S463/465, Cell Signaling, 1:100)12; rabbit 
anti-GFP (A-11122, ThermoFisher Scientific, Massachusetts, 
USA, 1:500); rabbit anti-HA tag (Y-11, Santa Cruz, Dallas Texas, 
USA, 1:500); HC-10, a mouse IgG2a monoclonal Ab (mAb) 
recognising unfolded HLA-B heavy chains13; ME1, a mouse 
IgG1 mAb that is specific for properly folded HLA-B27, HLA-B7 
and HLA-B22 proteins14; w6/32, a mouse IgG2a mAb uniformly
recognising a monomorphic determinant of all folded HLA-A, 
HLA-B and HLA-C proteins (ab22432, Abcam)15 and BBM1 
a mouse anti-hβ2m IgG2b mAb.16 Secondary Abs conjugated
to Alexa Fluor 488, 568 or 647 were purchased from Molec-
ular Probes (Eugen, Oregon, USA 1:400). Discs were mounted 
in Citifluor (Biovalley, Marne-La-Vallée, France). Images were 
captured using a Leica SPE confocal laser-scanning microscope 
(Leica, Wetzlar, Germany). Images were stacked and mean inten-
sity was quantified with the ImageJ software.

Eye size measurement
Adult flies of 2–3 days were immobilised by freezing at −80°C 
and mounted on a Petri dish before being imaged at 3.2X magni-
fication using a LEICA MZFLIII microscope and an Olympus 
DP20 Digital colour camera (Olympus). Eye size was measured 
with the ImageJ pixel area function.

Imaginal disc cell preparation for flow cytometry
Thirty wing discs were dissected in PBS and transferred to sili-
conized tubes for trypsinization during 1.5 hours at 25°C (90% 
Trypsin in PBS, Thermofisher). Transgene expressing cells were 
also expressing GFP. Dissociated cells were left 2.5 hours in 
Schneider medium at 25°C and incubated with the primary Ab 
diluted in PBS+ bovine serum albumin 0.1% for 30 min at room 
temperature (RT). Cells were then rinsed and incubated with 
the secondary Ab and propidium iodide (PI) for 30 min at RT. 
PI-negative and GFP+ cells were characterised with a FACS-
Canto II system (FORTESSA, BD Biosciences) and analysed 
thanks to the Flowjo software (Tree Star).

https://dx.doi.org/10.1136/annrheumdis-2019-215832
https://dx.doi.org/10.1136/annrheumdis-2019-215832
https://dx.doi.org/10.1136/annrheumdis-2019-215832
https://dx.doi.org/10.1136/annrheumdis-2019-215832
http://ard.bmj.com/


1655Grandon B, et al. Ann Rheum Dis 2019;78:1653–1662. doi:10.1136/annrheumdis-2019-215832

Spondyloarthritis

Proximity ligation assay
Proximity ligation assay (PLA) was performed using the Duolink 
In Situ Red Starter Kit Mouse/Rabbit (Sigma-Aldrich), following 
the manufacturer's protocol. For Drosophila experiments, 20 
wing imaginal discs for each genotype were dissected in PBS, 
fixed in 3.7% formaldehyde for 20 min at RT and permeabilised 
in PBS+Tween 0.3%. Primary anti-HA, and w6/32 Abs were 
used overnight at 4°C. For B-lymphoblastoïd cell line (B-LCL) 
experiments, anti-activin receptor-like kinase-2 (ALK2) (Sigma-
Aldrich, 1:100), anti-CD45 (mouse, 2B11+PD7/26, Dako, 
California, USA, 1:100), ME1 and w6/32 Abs were used. Ten 
random 40x images per condition were acquired using the DAPI 
(blue nuclei) and Cy5 (red PLA signals) filters. Z-stack confocal 
images were collected and maximum intensity projections were 
generated by ImageJ. Automatic counting of the PLA dots using 
the ‘Find Maxima’ function in ImageJ software were performed.

Human cells
B-LCLs 10 151 (HLA-A*02, *31; B*27:05, *15; C*02, *03), 
6370 (HLA-A*02, *68; B*27:05, *44; C*02, *07) and 13 617 
(HLA-A*02, *03; B*27:05, *18; C*02, *07) were established 
from AS patients and have been previous described.17 18 B-LCLs 
9435 (HLA-A*02, *03; B*07, *44; C*05, *07), 9953 (HLA-
A*03, *30; B*07, *49; C*06, *07) and 6908 (HLA-A*02, *11; 
B*22, *44; C*03, *05) were established from Epstein-Barr virus-
transformed lymphocytes from healthy controls according to 
standard protocol and grown at 37°C in RPMI 1640 medium 
supplemented with 10% heat inactivated fetal bovine serum, 
100 U/mL penicillin and 100 µg/mL streptomycin. Peripheral 
blood mononuclear cells (PBMC) were isolated from HLA-
B27+ SpA patients and HLA-B27 negative healthy controls, 
having signed informed consent, by Ficoll (GE Healthcare) 
density gradient centrifugation. CD14+ cells were first removed 
from PBMC by positive magnetic selection, using anti-CD14 
microbeads and AutoMacs Pro Separator (Miltenyi Biotec). The 
characteristics of SpA and controls are shown in online supple-
mentary table 3.

Analysis of Smad2/3 phosphorylation by flow cytometry
CD14-negative PBMC (106 cells/tube in PBS) from pairs of 
patients SpA and healthy controls were stimulated with recom-
binant human (rh) transforming growth factor β (TGFβ) (10 ng/
mL; R&D Systems) or rhActivin A (20 ng/mL; R&D Systems) 
or not for 30 min at 37°C. After staining with anti-CD3 mAb 
(clone-UCHT1; BD Biosciences) and fixation during 20 min at 
37°C with cytoFix Buffer (BD Biosciences), cells were permea-
bilised with perm buffer and stained with anti-p-Smad2 (pS465/
pS467)/p-Smad3 (pS423/pS425) PhosFlow Ab according to the 
manufacturer’s instructions (BD Biosciences) and analysed using 
an LSRIII Fortessa flow cytometer (BD Biosciences). Results 
were expressed as staining index calculated as the ratio between 
samples and fluorescence-minus-one staining control.

Western blotting
Forty wing discs of third-instar larvae were dissected in PBS 
and crushed in 400 µl of lysis buffer (Tris-HCl pH 8.2, 1M; 
NaCl 25 mM; Nonidet P40 1%, protease inhibitor (complete 
Mini ethylenediaminetetraacetic acid (EDTA) free, Roche, 
Boulogne-Billancourt, France)). Total protein extract was 
completed by Laemmli 4X, DTT 0.5M and heated to 95°C 
for 5 min. Three independent samples of total protein were 
analysed by Western-blot following a standard protocol, 
using rabbit anti-GRP78 (BiP) (ab21685, abcam),19 HC-10, 

BBM1 and mouse anti-Lamin C (LC28.26, DSHB, Iowa, 
USA)20 and peroxidase-conjugated goat antimouse Ig or 
rabbit Ig (Dakocytomation, Carpenteria, California, USA) for 
1.5 hours. CD14-negative PBMC (1–2 106 cells) were lysed 
in lysis buffer (Tris-HCl pH 7.5 20 mM; NaCl 20 mM; Triton 
100×1%, EDTA 10 mM, protease inhibitor (complete Mini 
EDTA free, Roche), phosphatase inhibitor (PhosSTOP, Roche, 
04906837001), Na3VO4 (1 mM). A total of 2 µg of proteins 
were separated in 4%–12% gradient gel and transferred 
on a polyvinylidene fluoride membrane. Blot was revealed 
following a standard protocol using rabbit anti-p-Smad2 (Cell 
Signaling #3108), rabbit anti-Smad2/3 (Cell Signaling #8685) 
and rabbit anti-actin (Sigma #A2066).

Statistical analysis
Quantitative data are shown as the mean±SEM. Unpaired 
Student’s t-test was used for comparisons between two groups, 
unless otherwise stated. Analysis of variance (ANOVA) was used 
for comparison of more than two groups, followed by unpaired 
Student’s t-test after Bonferonni correction. Normality and 
homoscedasticity were, respectively, verified by Shapiro-Wilk 
and F tests before unpaired t-tests with n<30 or ANOVA. When 
data were not normal or homoscedastic, ANOVA was replaced 
by the Kruskal-Wallis test, followed by Dunn’s multiple compar-
isons tests comparing each condition to the control. Wilcoxon 
matched-pairs test was used for comparison of matched groups. 
P values inferior to 0.05 were considered significant. The effect 
size was measured by Cohen’s d.

Data availability
The authors declare that the main data supporting the findings 
of this study are available within the article and its online supple-
mentary information files.

Results
AS-associated HLA-B27 alleles induce-specific wing and eye 
phenotypes in Drosophila
Transgenic flies, carrying SpA-associated HLA-B*27:04 or 
HLA-B*27:05 alleles in combination with hβ2m developed 
abnormal phenotypes. The adult fly wing contains five longi-
tudinal veins (from the most anterior L1 to the posterior L5) 
spanning the length of the wing and the anterior (ACV) and 
posterior (PCV) crossveins that connect L3–L4 and L4–L5, 
respectively (figure  1A). Neither expression of single trans-
genes (figure 1B,C,E,G), nor expression of HLA-B*07:02 with 
hβ2m (figure  1D and online supplementary Fig. 1d) induced 
any phenotype in the adult fly. However, expression of HLA-
B*27:04 or HLA-B*27:05 with hβ2m induced a loss of ACV 
and/or PCV, when driven in the wing by nub-GAL4 or en-GAL4 
(figure  1F,H, and online supplementary file 1d). Moreover, 
expression of HLA-B27 alleles with hβ2m—but not of single 
transgenes nor of HLA-B*07:02 with hβ2m—caused a signifi-
cant reduction of the eye size, when driven by the eye-specific 
driver ey-GAL4 (figure 1I–L). We focused further studies on the 
crossveinless phenotype that was fully penetrant, in contrast to 
the eye phenotype.

The crossveinless phenotype is neither associated with ER 
stress nor cell death induction
Efficient MHC-I folding in the ER depends on the peptide-
loading complex,21 which lacks some components in 
Drosophila. Therefore, HLA-B*27:05/hβ2m expression in 
such organism could lead to ER stress and unfolded protein 
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Figure 1  Specific crosssveinless and small-eye phenotypes in Drosophila coexpressing AS-associated HLA-B27 with hβ2m. (A–H) Nub-GAL4 was 
used to drive transgenes expression in the wing. Scale bar: 200 µm. Wild-type (WT) adult wing (A) and wings of flies expressing hβ2m alone (nub-
GAL4/+; UAS-hβ2m/+) (B), non-AS-associated HLA-B*07:02 (nub-GAL4/+; UAS-HLA-B*07:02/+ and nub-GAL4/+; UAS-HLA-B*07:02,UAS-hβ2m/+) 
(C,D), AS-associated HLA-B*27:04 (nub-GAL4/+; UAS-HLA-B*27:04/+ and nub-GAL4/+; UAS-HLA-B*27:04,UAS-hβ2m/+) (E,F), AS-associated 
HLA-B*27:05 (nub-GAL4/+; UAS-HLA-B*27:05/+ and nub-GAL4/+; UAS-HLA-B*27:05,UAS-hβ2m/+) (G,H) alone (C,E,G) or together with hβ2m 
(D,F,H). Coexpression of HLA-B*27:04 (F) or HLA-B*27:05 (H) with hβ2m transgenes resulted in the complete or partial disappearance of both 
crossveins (arrows). (I–K) ey-GAL4 was used to drive transgenes expression in the eye. Scale bar: 200 µm. Eye aspect of an ey-GAL4/+ control (I). Eye 
coexpressing HLA-B*07:02 (J) or HLA-B*27:05 (K) with hβ2m, the latest showing a reduced size. (L) Quantification of male Drosophila eye size (red 
box indicates flies expressing both an AS-associated HLA-B27 allele and hβ2m). Box-and-whisker graphs show the median, range and IQR of the data; 
Kruskal-Wallis: p<10-4, followed by Dunn’s multiple comparisons test showing significant difference with the control, only for B*27:04/hβ2m and 
B*27:05/hβ2m (p<10-4 for both comparisons). AS, ankylosing spondylitis; HLA, human leucocyte antigen; hβ2m, human ß2-microglobulin.

response (UPR), a mechanism that has been proposed to 
mediate HLA-B27 pathogenicity.6 However, ER stress (online 
supplementary file 2a-c, 2 f-g) and apoptosis (online supple-
mentary file 2h-j) markers revealed no effect of HLA-B*27:05/
hβ2m expression. Additionally, reducing putative ER stress 
(online supplementary file 2d-e) or apoptosis (online supple-
mentary file 2k-l) did not modify the crossveinless phenotype, 
ruling out a role of ER stress or apoptosis in the HLA-B*27:05/
hβ2m-induced phenotype.

HLA-B*2705/hβ2m expression misregulates bone 
morphogenetic protein signalling
Another hypothesis that may explain the crossveinless wings 
relies on the misregulation of the Notch, epidermal growth 
factor (EGF) or bone morphogenetic protein (BMP) pathways 
during development.22 Notch signalling is activated in the wing 
intervein cells and is required to prevent ectopic vein formation. 
Expression of HLA-B*2705/hβ2m transgenes in intervein cells 
under the control of bs-GAL4 did not induce the crossveinless 
phenotype, whereas driving their expression in vein cells with 
shv-GAL4 led to loss of ACV and PCV, arguing against involve-
ment of Notch pathway (online supplementary file 3a-c). To test 
if HLA-B*2705/hβ2m could interfere with EGF signalling, we 
quantified transcript levels of four EGF signalling target genes 
involved in wing development. None was modified, excluding 
the involvement of this pathway (online supplementary file 
3d-g).

The crossveinless wing phenotype induced by expression of 
HLA-B27/hβ2m in Drosophila phenocopies mutations of genes 
involved in BMP signalling.23 24 During wing development, the 
BMP pathway induces the proveins position.23 25 26 BMP signal-
ling requires the formation of a hetero or homodimer composed 
of the decapentaplegic (Dpp) and/or glass bottom boat (Gbb) 
ligands (figure  2A). Dimeric ligand binds to a heterotetramer 
composed of a hetero or homodimer of BMP type I recep-
tors (BMPR1, ie, thickveins (Tkv) and saxophone (Sax)) and a 
hetero or homodimer of the BMP type II receptors (BMPR2, 
ie, Punt and Wishful thinking). Activated receptors phosphor-
ylate the transcription factor Mad that associates with Medea 
for its import into the nucleus, where it induces transcription 
of optomotor-blind (omb), spalt-major (spalm) and daughters 
against Dpp (dad).25 26

Expression of a dominant negative mutant of Gbb or deple-
tion of Dpp in the wing, resulted in a reduction of wing size and/
or an alteration of venation, which were worse in the presence of 
HLA-B*27:05/hβ2m, demonstrating interaction between HLA-
B*27:05/hβ2m and the BMP pathway (figure  2B–E). Overex-
pression of Gbb or Dpp induces the formation of a blistered 
wing (figure 2F,H). Interestingly, coexpression of HLA-B*27:05/
hβ2m dramatically suppressed the Gbb overexpression pheno-
type and reciprocally crossveins were restored by Gbb overex-
pression (figure 2G). In contrast, coexpression of HLA-B*27:05/
hβ2m suppressed very moderately the phenotype induced 
by Dpp overexpression (figure  2I). These results showed that 
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Figure 2  HLA-B27:05/hβ2m genetically interacts with BMP signalling components in Drosophila wings. (A) Schematic representation of BMP 
signalling pathway components (ie, ligands, BMPR1s, transcription factor and target genes) in Drosophila (BOLD) and their corresponding orthologs 
in human. (B) Overexpression of a loss-of-function mutant targeting the cleavage site of Gbb induces a crossveinless phenotype and a partial loss 
of posterior longitudinal veins (nub/+; UAS-Gbb.R126A.R325A.K334N/+). (C) Genetic interaction with HLA-B*27:05/hβ2m further deletes the 
longitudinal wing veins (nub/+; UAS-Gbb.R126A.R325A.K334N/UAS-HLA-B*27:05,UAS-hβ2m). (D) Depletion of DPP results in a reduction of wing 
size and the absence of wing venation (nub/+; UAS-RNAi-Dpp/+). scale bar: 200 µm. (E) Genetic interaction with HLA-B*27:05/hβ2m worsens Dpp-
depletion phenotype (nub/+; UAS-RNAi-Dpp/UAS-HLA-B*27:05,UAS-hβ2m). (F) Overexpression of Gbb results in a blistered and pigmented adult 
wing (nub-GAL4/+; UAS-Gbb/+). (G) Genetic interaction between HLA-B*27:05/hβ2m and Gbb overexpression results in suppression of Gbb- and 
HLA-B*27:05/hβ2m-induced phenotypes (nub-GAL4/+; UAS-Gbb/UAS-HLA-B*27:05,UAS-hβ2m). (H) Overexpression of Dpp phenocopies gbb 
overexpression (nub-GAL4/+; UAS-Dpp/+). (I) Genetic interaction with HLA-B*27:05/hβ2m, reverses only partially Dpp-induced phenotype (nub-
GAL4/+; UAS-Dpp/UAS-HLA-B*27:05,UAS-hβ2m). (J) Overexpression of a constitutively active form of Mad induces extravein formation (nub/+; UAS-
Mad.CA/+). (K) HLA-B*27:05/hβ2m does not significantly modify the extravein phenotype (nub/+; UAS-Mad.CA/UAS-HLA-B*27:05,UAS-hβ2m). (L) 
A constitutively active form of Sax provokes minor vein defects and blisters (nub-GAL4/+; UAS-sax.CA/+). (M) Genetic interaction with HLA-B*27:05/
hβ2m partially suppresses this phenotype (nub-GAL4/+; UAS-sax.CA/UAS-HLA-B*27:05,UAS-hβ2m). (N) Expression of a sax depleted of its kinase 
domain results in a narrowed adult wing with defects in the formation of L2 and L5 veins (nub-GAL4/+; UAS-saxΔI/+). (O) Genetic interaction with 
HLA-B*27:05/hβ2m does not modify the SaxΔI-induced phenotype (nub-GAL4/+; UAS-saxΔI/UAS-HLA-B*27:05,UAS-hβ2m). ALK, activin receptor-
like kinase; BMP, bone morphogenetic protein; BMPR1, BMP type I receptor; Dpp, decapentaplegic; Gbb, glass bottom boat; HLA, human leucocyte 
antigen; hβ2m, human ß2-microglobulin; Mad, Mothers against Dpp; Mad.CA, constitutively active form of Mad; Sax.CA, constitutively active form of 
Sax.

interaction between BMP signalling and HLA-B27 expression 
resulted in Gbb-mediated signalling dampening.

HLA-B*27:05/hβ2m expression inhibits BMPR1 Sax function
To identify the level of interaction of HLA-B*27:05/hβ2m 
with the BMP signalling pathway, we tested the effect of 
HLA-B*27:05/hβ2m expression in a Mad-misregulated back-
ground. Interestingly, it had no significant effect on a consti-
tutively active form of Mad (Mad.CA)-induced phenotype 
(figure  2J,K), indicating that HLA-B27/hβ2m likely interacted 
upstream of the transcription factor Mad and potentially with 
BMP receptors. Since Gbb preferentially binds to Sax and Dpp 
to Tkv, we further investigated the interaction between HLA-
B*27:05/hβ2m and Sax.22 27 Sax can either promote BMP signal-
ling by forming a heterodimer with Tkv, or, as a homodimer, 
limit the availability of Gbb and thereby antagonise signalling 
(figure  3A).28 Overexpression of a CA form of Sax alters the 
formation of wings, which was suppressed by HLA-B*27:05/
hβ2m, showing that HLA-B*27:05/hβ2m genetically repressed 
Sax activity (figure 2L,M). As expected, if HLA-B*27:05/hβ2m 
repressed Sax, HLA-B*27:05/hβ2m had no effect on wing vein 
defects induced by a negative dominant mutant of Sax (Sax.ΔI) 
(figure 2N,O).

Loss of function of Sax is known to widen the p-Mad 
gradient, which results in an increase of its target genes 

expression.28 Consistently, HLA-B*27:05/hβ2m behaved as 
Sax.ΔI: both induced a widening of pMad gradient in wing 
imaginal discs (figure  4A–D). HLA-B*27:05/hβ2m also 
increased the transcript levels of BMP signalling targets dad 
and omb (figure  4E–F). Altogether, those results supported 
an antagonistic interaction between HLA-B*27:05/hβ2m and 
Sax. The alternative hypothesis that HLA-B*27:05/hβ2m 
increased Tkv activity could be excluded, as genetic interac-
tion between HLA-B*27:05/hβ2m and a CA form of Tkv (Tkv.
CA) decreased the p-Mad and attenuated the Tkv.CA pheno-
type in adult wings (online supplementary file 4a-e). Suppres-
sion of Tkv.CA-induced phenotype by HLA-B*27:05/hβ2m is 
readily explained by HLA-B*27:05/hβ2m reducing Sax avail-
ability and the formation of Tkv-Sax heterodimers, thereby 
dampening BMP signalling (figure 3B).

HLA-B*27:05 folds and localizes to the plasma membrane in 
Drosophila
HLA-B27 and HLA-B7 were previously observed at the surface 
of transfected Drosophila cells in a well-folded conformation 
and hβ2m-dependent manner.29 Consistently, well-folded HLA-
B*27:05 or HLA-B*07:02 was detected by immunostaining 
performed on wing imaginal discs using w6/32 and ME1 Abs, 
only when hβ2m was present (online supplementary file 5a-h 
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Figure 3  Proposed model of interaction between HLA-B*27:05/hβ2m and the BMP pathway. Representation of Drosophila BMP signalling pathway 
in wild type cells (A) and in HLA-B*27:05/hβ2m-expressing cells (B) of wing imaginal discs. Three different forms of BMPR1 dimers exist: Tkv-Tkv 
and Sax-Sax homodimers, and Tkv-Sax heterodimers. Gbb (blue) and DPP (green) ligands of the BMP pathway show distinct binding preferences. 
Thicker arrows indicate preponderant signalling because of ligand and receptor availability as well as affinity differences. Signalling in the cells close 
to the antero–posterior frontier (A-P axis) is shown on the left, signalling in the cells distant from this frontier is represented on the right. (A) The 
Tkv-Sax heterodimeric receptor is the main complex that mediates BMP signalling. Tkv-Tkv homodimers also activate BMP signalling but less. Sax-Sax 
homodimers do not activate BMP signalling but limit the range of Gbb diffusion, restricting p-Mad gradient from the A-P frontier. omb (purple) and 
dad (orange) are target genes of BMP signalling. (B) Ectopic HLA-B*27:05/hβ2m in the wing pouch induces a widening of p-Mad gradient, resulting 
in an increase of omb and dad expressing cells. We show that HLA-B*27:05/hβ2m interacts with Sax, which may reduce Sax-Sax homodimer and 
Tkv-Sax heterodimer formation (pale blue Sax). Sax receptor sequestration by HLA-B*27:05/hβ2m would result in an expansion of the Gbb gradient, 
disrupting BMP signalling. BMP, bone morphogenetic protein; dad, daughters against Dpp; Dpp, decapentaplegic; Gbb, glass bottom boat; HLA, 
human leucocyte antigen; hβ2m, human ß2-microglobulin; omb, optomotor-blind; p-MAD, phosphorylated Mad; Sax, saxophone; Tkv, thickveins;

Figure 4  HLA-B27:05/hβ2m misregulates BMP signalling similar to a Sax loss of function. (A–C) projections from confocal stacks of third-instar 
larval wing imaginal discs stained with an anti-p-Mad antibody of wild-type (WT) (A), nub-GAL4/+; UAS-saxΔI (B) and nub-GAL4/+; UAS-HLA-
B*27:05,UAS-hβ2m/+ (C) discs. Scale bar: 200 µm. (D) Quantification of p-Mad staining reported to imaginal discs width in the foregoing genotypes. 
Box-and-whisker graphs show the median, range and IQR of the data; the p values correspond to Dunn’s multiple comparisons test following 
significant Kruskal-Wallis test. (E,F) Quantification of dad and omb transcripts expression (three independent experiments; the p values of paired 
t-tests are shown; dad: Cohen’s d=8.17 and omb: Cohen’s d=1.94). BMP, bone morphogenetic protein; dad, daughters against Dpp; HLA, human 
leucocyte antigen; hß2m, human ß2-microglobulin; omb, optomotor-blind; p-Mad, phosphorylated Mothers against Dpp; Sax, saxophone.

http://ard.bmj.com/


1659Grandon B, et al. Ann Rheum Dis 2019;78:1653–1662. doi:10.1136/annrheumdis-2019-215832

Spondyloarthritis

Figure 5  HLA-B27 interacts with Sax and ALK2. (A–D) PLA performed with w6/32 and anti-HA Abs on the wing pouch cells expressing 
HLA-B*27:05/hβ2m and HA-tagged-hPen2 (negative control) (a, c) or HLA-B*27:05/hβ2m and HA-tagged Sax.CA with nub-GAL4 driver (B, D). (E–H) 
PLA conducted in B-LCL 10151 from an HLA-B*27:05/B*15 as patient with w6/32 and either anti-CD45 (negative control) (E, G) or anti-ALK2 Abs 
(F, H). (C), (D), (G) and (H) are zoomed in details of boxed areas from (A), (B), (E) and (F), respectively. (I–J) PLA conducted on B-LCLs 9435 from an 
HLA-B*7/B*44 healthy control (I) or 6370 from an HLA-B*27:05/B*44 as patient (J) with ME1 and anti-ALK2 antibodies. (K) Average number of PLA 
staining dots/cell showing an interaction between ALK2 and HLA-A/B/C (ALK2-w6/32) or HLA-B*27/B*7/B*22 (ALK2-ME1) in B-LCLs from 3 controls 
and 3 AS patients. No signal was detected with ALK2, ME1 or w6/32 antibodies alone. Ten random 40x images per condition were acquired using the 
DAPI (grey nuclei) and Cy5 (white PLA signals) filters. Two-way ANOVA (factors: Ab and cell line) followed by Bonferroni's multiple-comparisons test: 
p<10-4. Abs, antibodies; ALK2, activin receptor-like kinase-2; AS, ankylosing spondylitis; ANOVA, analysis of variance; B-LCL, B-lymphoblastoïd cell line; 
HLA, human leucocyte antigen; hβ2m, human ß2-microglobulin; PLA, proximity ligation assay; Sax.CA, constitutively active form of Sax.

and Supplementary 6a-d), indicating that hβ2m is essential to the 
HLA-B complex formation, as in mammals. Interestingly, HLA-
B*27:05/hβ2m resulted in a more intense staining than HLA-
B*07:02/hβ2m (online supplementary file 5a-h), although the 
amount of hβ2m in wing discs was similar between both condi-
tions (online supplementary file 6e-g). Using flow cytometry 
on non-permeabilised cells from wing imaginal discs, we also 
detected a greater amount of well-folded HLA-B*27:05/hβ2m 
than HLA-B*07:02/hβ2m on the cell surface (online supplemen-
tary file 5i, j). Those results show that HLA-B*27:05 had a better 
folding capacity than HLA-B*07:02 when combined with hβ2m 
in the Drosophila context.

HLA-B*27:05 interacts with Sax in Drosophila and with ALK2 
in AS patient’s cells
We next investigated whether HLA-B*27:05/hβ2m and Sax 
could interact physically using PLA. Unlike the irrelevant 
human HA-tagged membrane protein hPen2-HA (figure 5A,C), 
CA HA-tagged Sax was indeed revealed in very close proximity 
(ie, less than 40 nm) of HLA-B*27:05/hβ2m in the Drosophila 
wing imaginal disc, (figure  5B,D). Moreover, the human Sax 
ortholog ALK2 and HLA-B27 were also found in close vicinity 
of each other at the surface of B-LCLs from AS patients. This 
interaction was specific for both proteins, since ALK2 neither 
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Figure 6  p-Smad2/3 is increased in immune cells from HLA-B27+ SpA patients in response to Activin A or TGFβ. (A) Intracellular p-Smad2/3 was 
quantified in T cells from paired HLA-B27+ SpA patients and HLA-B27 negative healthy controls, after exposure to PBS, Activin A or TGFβ. Left: 
representative expression histograms. Right: scatter graph of staining index calculated as the ratio between samples and fluorescence-minus-one 
(FMO). Similar symbols indicate paired conditions. Horizontal bars show the mean values (12–16 independent experiments). Of note, statistical 
analysis performed after excluding the three case–control pairs corresponding to the most extreme outliers from the SpA group yielded significant p 
values (PBS: p=0.01; activin: p=0.012; TGFβ: p=0.002). (B) Western blot showing p-Smad2, Smad2 and Smad3 in CD14-negative PBMC from HLA-B27 
negative control and HLA-B27+ SpA patients. Values beneath the blots indicate the relative intensity of p-Smad2/Smad2 bands (representative of 
2 independent experiments). HLA, human leucocyte antigen; PBS, phosphate-buffered saline; PBMC, peripheral blood mononuclear cells; pSmad, 
phosphorylated small Mothers against Dpp; SpA, spondyloarthritis; TGFβ, transforming growth factorß.

colocalised with CD45, nor with any other HLA-B allotypes 
(figure 5E–K).

TGFβ superfamily ligands Activin A and TGFβ induce elevated 
Smad2/3 phosphorylation in T cells from HLA-B27+ SpA 
patients
ALK2, which is widely expressed in mammalian cells, binds 
several TGFβ superfamily ligands, including Activins and TGFβ 
and may antagonise their signalling that proceeds via Smad2/3 
phosphorylation.30–32 Thus, to determine if HLA-B27 would 
disturb TGFβ/BMP pathway signalling in SpA, we examined the 
phosphorylation of Smad2/3 in peripheral blood T lymphocytes 
from SpA patients (figure 6). Indeed, we observed elevated phos-
phorylation of Smad2/3 in those cells, as compared with T cells 
from healthy controls. The difference was detectable in resting 

cells by PhosFlow but was exacerbated after exposure to TGFβ 
superfamily ligands (ie, Activin A and TGFβ) consistent with a 
repression of the antagonistic activity of ALK2 by HLA-B27, 
similar to its effect on Sax function in Drosophila.

Discussion
We used Drosophila to uncover non-canonical effects that might 
underlie the as yet unexplained association of HLA-B27 with AS. 
Strikingly, flies transgenic for AS-associated HLA-B*27:04 and 
HLA-B*27:05, in combination with hβ2m, exhibited crossvein-
less and small-eye phenotypes. In contrast, coexpression of HLA-
B*07:02 allele (which is known to be protective from AS)33 with 
hβ2m, used as a control condition, did not affect fly develop-
ment. These results underscore HLA-B27-expressing Drosophila 
as a new promising model to investigate HLA-B27 pathogenic 
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effects, even if it bears some limitations owing to the lack of 
adaptive immune system.

In mammalian cells, HLA-B27 exhibits slow-folding capacity 
and a tendency to misfold, which was proposed as putative mech-
anism for its pathogenicity, by triggering ER stress and UPR.6 
This could have been the case in Drosophila that lacks tapasin 
and transporters associated with antigen processing, required 
for optimal folding of MHC-I molecules.21 However, given that 
MHC-I misfolding is reduced in the presence of hβ2m,34 and 
that neither expression of HLA-B alone nor its coexpression with 
hβ2m induced ER stress in transgenic Drosophila, it is unlikely 
that MHC-I misfolding would account for the observed pheno-
types. Moreover, the level of folded HLA-B molecules at the 
cell surface was greater in HLA-B27/hβ2m than HLA-B7/hβ2m 
transgenic wing imaginal discs. Thus, well-folded conformers 
were likely responsible for the phenotypes occurring in flies 
coexpressing HLA-B27 and hβ2m.

In Drosophila, the formation of crossveins involves a cross-talk 
between BMP, EGF and Notch pathways.22 To identify which 
pathway was implicated in the phenotype induced by HLA-
B27/hβ2m, their alteration was systematically examined. BMP 
signalling disruption appeared to be primarily responsible for 
the crossveinless phenotype. Indeed, HLA-B27/hβ2m expression 
in the wing imaginal disc mimicked a Sax dominant negative 
mutant effect. BMP signalling balance in the wing was modified 
by HLA-B27/hβ2m, resulting in widening of p-Mad gradient and 
overall increased expression of p-Mad target genes, that is, omb 
and dad, indicating a loss of the antagonistic function of Sax.28 
These results appear to be highly relevant to SpA as the BMP 
pathway also happens to be misregulated in patients with SpA. 
For instance, Smad7 was upregulated as its Drosophila ortholog 
dad in our model.35 Moreover, the p-Mad gradient widening 
seen in our model could fit with p-Smad1/5/8 detection in bony 
outgrowth of SpA patients, which is consistent with ectopic BMP 
signalling.36 We interpreted this result by hypothesising a repres-
sion of Sax function by the MHC-I molecule. Consistently, we 
showed that HLA-B27/hβ2m physically interacted with Sax in 
the wing tissue.

The mammalian orthologs of Sax are the BMPR1s ALK1 and 
ALK2, encoded by ACVRL1 and ACVR1 genes, respectively.32 
ALK1 is predominantly present on endothelial cells and involved 
in angiogenesis, whereas ALK2 is more widely expressed and 
exerts an essential role in cartilage development and endo-
chondral ossification, particularly in the axial skeleton.37 38 
Both of them bind several TGFβ superfamily ligands, including 
BMPs, Activins and TGFβ, and like Sax, form heterotetram-
eric complexes with BMPR2s, including BMPRII and Activin 
receptor type 2A and 2B (ActRIIA and ActRIIB).39 40

Similar to Sax, ALK1 and 2 play either a positive or a negative 
role in signalling, depending on the ligand and BMPR2 binding. 
They transduce signal in response to BMPs via Smad1/5/8 
phosphorylation, whereas they antagonise signalling mediated 
by Activin and TGFβ via Smad2/3 phosphorylation or even 
BMP-mediated signalling in some circumstances.30–32 39 41–43 For 
instance, Activin A, is a ligand secreted by innate immune system 
cells during inflammation that primarily uses ALK4 and ALK7 
as BMPR1s to initiate signalling via Smad2/3.39 44 45 However, 
Activin A may also compete with BMPs to bind to ALK2, forming 
inactive complexes with ActRIIA and ActRIIB that inhibit 
Smad2/3-mediated Activin signalling and prevent Smad1/5/8-
mediated BMP signalling.31 46 47 Moreover, ALK2 can inhibit 
osteogenic BMP2- and BMP4-induced signalling by competing 
with their ALK3/ALK6 functional BMPR1s and recruiting 
BMPR2s into non-competent complexes.41 Interestingly, loss of 

the inhibitory effect of ALK2 on BMP signalling in response to 
Activin A, due to mutations in ACVR1 gene, leads to fibrodys-
plasia ossificans progressiva, a rare genetic disorder character-
ised by episodic heterotopic ossification of soft connective tissue, 
including tendons, ligaments, fascia, that may sometime bear 
similarities with AS.48–51

Interestingly, when expressed in Drosophila, ALK2 inhibited 
endogenous BMP signalling in wing discs like Sax did, suggesting 
that HLA-B27/hβ2m may interfere with ALK2 in mammals in 
a way similar to Sax in Drosophila.32 Indeed, we observed that 
well-folded HLA-B27/hβ2m physically interacted with ALK2 at 
the surface of B-LCLs from AS patients and that this was not the 
case for the non-AS-associated HLA-B7 or HLA-B22 alleles that 
were also recognised by ME1 Ab. Characteristics of HLA-B27 
explaining specific interaction with BMPR1s Sax/ALK2 remain 
to be determined. Interestingly, however, one of the distinctive 
features common to all HLA-B27 alleles is an unpaired free 
cystein at position 67 that could potentially interact with the 
cystein-rich extracellular binding domain of Sax and ALK2.52

This prompted us to examine whether the presence of HLA-
B27 would affect the response of immune cells from patients 
with SpA to Activin A and TGFβ, two ligands known to bind 
ALK2 and that could be implicated in the disease process. Most 
interestingly, as predicted if the presence of HLA-B27/hβ2m 
released a brake on Activin A/TGFβ signalling, we observed 
elevated Smad2/3 phosphorylation that was detected in resting 
cells and exacerbated in response to both ligands in T cells from 
patients with SpA .

Based on our findings, we propose a mechanism for HLA-B27 
implication in SpA, whereby HLA-B27/hβ2m antagonising the 
inhibitory function of ALK2 would potentiate Activin A, TGFβ 
and/or BMP signalling in context-dependent fashion. A shift 
towards Smad2/3-mediated signalling in a context of inflamma-
tory stimulus could notably contribute to the T-helper 17 differ-
entiation bias53 that has been shown in SpA.6 54 Complementarily, 
release of the brake normally held by ALK2 on BMP-mediated 
endochondral ossification, in inflammatory context, could 
account for increased ossification, which is another striking hall-
mark of SpA - although this study does not address other factors 
that may contribute to AS in HLA-B27-negative cases.55 56 This 
fits one of the oldest hypotheses proposed to account for HLA-
B27 pathogenicity, that is, that HLA-B27 itself might confer an 
enhanced sensitivity to an inflammatory mediator.57
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Key messages

What is already known about this subject?
►► Herpes zoster (HZ) reactivation is common in 
patients with systemic lupus erythematosus 
(SLE).

►► There is very limited information on the safety 
and immunogenicity of the live-attenuated HZ 
vaccine in SLE patients. As a result, the rate of 
HZ vaccination is low in SLE patients.

What does this study add?
►► This first randomised placebo-controlled 
trial demonstrates that the live HZ vaccine is 
well-tolerated and provokes a humoral and 
cell-mediated response in stable SLE patients 
not receiving intensive immunosuppressive 
therapies.

How might this impact on clinical practice or 
future developments?

►► HZ vaccine should be given to SLE patients 
during periods of disease quiescence and 
minimal immunosuppression to maximise its 
efficacy in reducing the risk of HZ reactivation.

Abstract
Objectives  To study the safety and immunogenicity of 
a live-attenuated herpes zoster (HZ) vaccine in patients 
with systemic lupus erythematosus (SLE).
Methods  Adult SLE patients having a SLEDAI <6 and 
stable immunosuppressive treatment for ≥6 months 
were recruited. Participants were randomly assigned to 
receive HZ vaccine (Zostavax) or placebo injection. Anti-
varicella zoster virus (VZV) IgG reactivity (baseline and 
week 6) was measured by an enzyme-linked fluorescence 
assay. Cell-mediated response was assessed by a VZV-
stimulated interferon-gamma (IFN-γ) enzyme-linked 
ELISPOT assay. Adverse events and immune responses of 
the two groups were compared.
Results  90 SLE patients were recruited (age 45.6±14.1 
years; 93% women) and assigned to Zostavax or placebo 
(in 1:1 ratio). Baseline clinical parameters were similar 
between the two groups. The change in anti-VZV IgG 
from week 0 to 6 was +59.8% in the vaccine and 
−2.1% in the placebo group. Week 6 anti-VZV IgG was 
significantly higher in vaccinated than placebo-treated 
patients, after adjustment for baseline (4.16±1.26 vs 
3.32±1.01; p<0.001). The number of IFN-γ secreting 
T-cell spots decreased in the placebo-treated patients 
(−17%) but increased in vaccinated patients (+42%). 
The T-cell spots number at week 6 was significantly 
higher in vaccine—than placebo-treated patients after 
adjustment for baseline (38.1±78.2 vs 23.1±47.9; 
p=0.02). Significantly more vaccinated patients reported 
self-limiting injection site reaction than controls (31% vs 
7%; p<0.01). Two vaccinated patients (4.4%) and one 
(2.2%) placebo-treated patient had mild/moderate SLE 
flares but no patients developed HZ eruption within 6 
weeks postvaccination.
Conclusions  In patients with stable SLE not receiving 
intensive immunosuppression, Zostavax was well-
tolerated and provoked an immune response.
Trial registration number  US ​ClinicalTrials.​gov 
registry (NCT02477150).

Introduction
Herpes zoster (HZ) (shingles) is a painful condi-
tion caused by reactivation of varicella zoster 
virus (VZV) that remains dormant after primary 
infection. Key risk factors for HZ reactivation are 
increasing age, immunosuppressive therapies, HIV 
infection, malignancies and postchemotherapy.1 
Shingles may cause significant morbidity such as 
postherpetic neuralgia (PHN) and even mortality 

for disseminated infection, particularly in immuno-
compromised subjects.2

The live-attenuated HZ vaccine (Zostavax) is 
essentially a larger-than-normal dose of the chick-
enpox vaccine, which contains the Oka strain of 
live-attenuated VZV.3 Zostavax has been shown by 
randomised controlled trials (RCTs) to be safe and 
protective in immunocompetent subjects >60 years 
and between 50 and 59 years of age in reducing HZ 
reactivation and PHN by two-third.4 5 However, as 
the vaccine is live-attenuated, it is relatively contra-
indicated in immunocompromised persons.

HZ reactivation is fairly common in patients 
with systemic lupus erythematosus (SLE).6–9 The 
prevalence of HZ reactivation in SLE ranges from 
6.4 to 91.4 cases per 1000 patient-year.8 A recent 
longitudinal study reported that SLE patients had 
more HZ infection at all ages, with an age-adjusted 
incidence of 12.0/1000 person-years compared 
with controls (8.7/1000 person-years) (HR 1.7).9 
Risk factors associated with HZ infection in SLE 
included immunosuppressive therapies, renal and 
major organ disease, lymphopenia, malignan-
cies and other comorbidities, as well as certain 
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http://ard.bmj.com/
http://orcid.org/0000-0003-3696-1228
http://crossmark.crossref.org/dialog/?doi=10.1136/annrheumdis-2019-215925&domain=pdf&date_stamp=2019-10-11
NCT02477150
http://ard.bmj.com/


1664 Mok CC, et al. Ann Rheum Dis 2019;78:1663–1668. doi:10.1136/annrheumdis-2019-215925

Systemic lupus erythematosus

Figure 1  Disposition of patients. HZ, herpes zoster.

autoantibodies.10 However, these factors are inconsistent across 
studies, probably because of small samples and the difference in 
patient selection.

An observational study of 463 541 US patients with inflamma-
tory arthritis reported efficacy of Zostavax in reducing HZ reac-
tivation after 2 years (HR 0.61).11 Among 633 patients exposed 
to biologics at the time of vaccination, no cases of HZ or varicella 
infection occurred in the subsequent 42 days. However, there is 
little information regarding the safety of the live-attenuated HZ 
vaccine in SLE. A small pilot case–control study did not observe 
any episodes of HZ reactivation, serious adverse events (SAEs) 
or disease flares in 10 SLE patients after HZ vaccination.12 In 
view of the paucity of data, this RCT was carried out to evaluate 
the safety and immunogenicity of a live-attenuated HZ vaccine 
in patients with SLE.

Patients and methods
Study population
The inclusion criteria of this study were: (1) patients fulfilling 
≥4 of the 1997 ACR13 or the 2012 SLICC/ACR criteria for 
SLE14 and were followed in the rheumatology clinics of Tuen 
Mun Hospital; (2) age ≥18 years; (3) clinically stable disease 
with a Safety of Estrogens in Lupus Erythematosus National 
Assessment—SLE Disease Activity Index (SELENA-SLEDAI) 
score <615 16 and receiving stable doses of immunosuppressive 
agents for ≥6 months; and (4) a previous history of chickenpox 

or HZ infection. Exclusion criteria were: (1) active infection, 
including tuberculosis and HIV; (2) lymphocyte count <500/
mm3; (3) reduced serum IgG/IgA/IgM level; (4) serum creatinine 
>200 μmol/L; (5) history of haematological malignancies or solid 
tumours; (6) current immunosuppressive therapies with doses 
exceeding the following: prednisolone (>15 mg); azathioprine 
(>100 mg/day); mycophenolate mofetil (MMF) (>1000 mg/
day); ciclosporin A (>100 mg/day); tacrolimus (>3 mg/day); 
methotrexate (>15 mg/week); cyclophosphamide; or biological 
agents; and (7) patients who were pregnant or planned for preg-
nancy within 1 year of study entry.

Ten healthy controls (≥50 years of age without medical 
illnesses) with a previous history of chickenpox or HZ infection 
were also recruited for HZ vaccination. The humoral and cell-
mediated immune responses before and 6 weeks after vaccina-
tion were compared with SLE patients.

Written consent was obtained from all participants. This study 
was supported by the Health and Medical Research Fund of 
the Research Fund Secretariat of Hong Kong. Patients and the 
public was not involved in the design, conduct or reporting of 
this research.

Study procedures
SLE patients recruited were randomised by computer-generated 
blocks of four to receive either one dose of Zostavax (0.65 mL) or 
placebo (same volume of normal saline) injection subcutaneously. 
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Table 1  Clinical characteristics of the SLE patients studied

HZ vaccinated 
group (n=45)

Placebo group

P value(n=45)

N (%), mean±SD

Age at study entry, years 45.9±15.4 45.2±12.7 0.81

SLE duration, years 13.2±8.6 14.2±8.9 0.58

Women 40 (89) 44 (98) 0.2

Cumulative clinical manifestations

 �Arthritis 32 (71) 34 (76) 0.63

 �Facial rash 19 (42) 23 (51) 0.4

 �Discoid rash 7 (16) 6 (13) 0.76

 �Mucosal ulceration 6 (13) 6 (13) 1

 �Photosensitivity 11 (24) 13 (29) 0.63

 �Hemolytic anaemia 14 (31) 10 (22) 0.34

 �Leucopenia (<4×109/L) 13 (29) 19 (42) 0.19

 �Thrombocytopenia 
(<100×109/L)

11 (24) 12 (27) 0.81

 �Lymphopenia (<1.5×109/L) 30 (67) 30 (67) 1

 �Lymphadenopathy 10 (22) 7 (16) 0.42

 �Renal 22 (49) 26 (58) 0.4

 �Serositis 6 (13) 10 (22) 0.27

 �*Neuropsychiatric 3 (6.7) 4 (8.9) 1

 �Cutaneous vasculitis 10 (22) 7 (16) 0.42

 �Myositis 2 (4.4) 3 (6.7) 1

 �Gastrointestinal 1 (2.2) 2 (4.4) 1

Autoantibodies

 �Anti-dsDNA 33 (73) 34 (76) 0.81

 �Anti-Sm 10 (22) 4 (8.9) 0.14

 �Anti-Ro 27 (60) 26 (58) 0.83

 �Anti-La 8 (18) 8 (18) 1

 �Anti-nRNP 17 (38) 13 (29) 0.37

 �Anticardiolipin (IgG) 11 (24) 10 (22) 0.8

 �Lupus anticoagulant 9 (20) 7 (16) 0.58

*Referred to those which required immunosuppressive therapies, for example, 
psychosis, acute confusional state, demyelinating disease, myelitis, peripheral and 
cranial neuropathy, myasthenia gravis, aseptic meningitis.
HZ, herpes zoster;SLE, systemic lupus erythematosus.

Injection was performed by a designated nurse blinded for the 
study details. Investigators and patients were also blinded for the 
identity of the assigned injection.

Participants were assessed at baseline and at 6 weeks postvac-
cination for immunogenicity and adverse events, including SLE 
activity and flares. Blood was taken for serum anti-VZV IgG and 
ELISPOT assay for the humoral and cell-mediated responses to 
vaccination.

The primary outcome of this study was the difference between 
the two groups in the rise in IgG to VZV at week 6 postvaccina-
tion compared with baseline. Secondary outcomes included: (1) 
safety of the HZ vaccine within 6 weeks of injection; (2) change 
in cell-mediated immune response to VZV; and (3) change in 
SLE disease activity and clinical flares.

Assessment of disease activity and flares of SLE
Disease activity of SLE was assessed by the SELENA-SLEDAI, a 
validated instrument employed in the SELENA-SLE trials.15 16 
The physician’s global assessment of disease activity (score 0–3) 
was also performed to grade disease activity.17 Flares of SLE 
(mild/moderate or severe) were assessed by the SELENA flare 
instrument15 16 according to the clinical status of the patients 
with reference to the preceding clinic visit.

Cellular and humoral immune response to HZ vaccination
The humoral response to HZ vaccination was studied by the VIDAS 
VZV-IgG assay, which is an automated test on the VIDAS instru-
ments (Biomeriux) for the detection of IgG antibodies to VZV in 
human serum using a two-step enzyme linked fluorescence assay. 
According to the manufacturer’s instructions, strip and the solid 
phase receptacle were loaded to the instrument with 100 μL spec-
imen from study subjects. At the end of the assay, a test value (TV) 
was generated by a ratio of the relative fluorescence against that of 
a standard. TVs were interpreted as follows:<0.60 negative; 0.6 to 
<0.9 equivocal; and ≥0.9 positive for anti-VZV IgG. Higher index 
values reflected higher anti-VZV IgG titers semiquantitatively.

The cell-mediated response to HZ vaccination was studied by 
an IFN-γ ELISPOT assay for VZV (BD Biosciences) according 
to manufacturer’s instructions. The VZV antigen was derived 
from clarified cell culture supernatants in VZV-infected human 
fetal lung fibroblast cells (HEL). Control antigen was obtained 
by the same process using uninfected HEL cells. Peripheral blood 
mononuclear cells were isolated by Ficoll-Hypaque (GE Health-
care Bio-Sciences) and stored in liquid nitrogen until use. Briefly, 
100 μL of VZV antigen, control antigen or 50 μg/mL of phyto-
haemagglutinin-M (Thermo Fisher) (positive control) were 
added to the wells precoated with antihuman IFN-γ monoclonal 
antibody together with 100 μL of the 1×106/mL cell suspension. 
All samples were run in duplicate. The plate was incubated at 
37°C in 5% CO2 for 18 hours. Detection antibody was added 
after washing and incubated for 2 hours at room tempera-
ture. Streptavidin-HRP solution was added for 1 hour at room 
temperature, followed by addition of ACE substrate solution 
after washing. Spots developed after 5–60 min and were enumer-
ated using an ELISPOT plate reader. The number of spots repre-
sented the number of IFN-γ secreting CD4+ T cell colonies.

Sample size calculation
In immunocompetent subjects aged 50–59 years, the mean fold 
rise of IgG to VZV was 2.31 (95% CI 2.20 to 2.43), that is, 
>95% of patients could achieve a twofold rise in IgG titer.18 
As SLE patients are receiving immunosuppressive treatment, 
we anticipate 40% of patients could achieve a twofold rise 
in IgG. Assuming only 10% of patients would have increase 
in IgG titer by twofold in the placebo group, a sample size 
of 84 patients is needed to detect the difference between the 
vaccinated and unvaccinated group with an alpha error of 5% 
ad a study power of 90%. Taking a drop-out rate of 10%, 90 
patients are required.

Statistical analyses
Clinical data of the two groups were compared by the inde-
pendent sample Student’s t-test (for continuous variables) and 
χ2 test (for categorical variables). Within group comparison 
of the IgG VZV titers and the number of IFN-γ secreting 
T-cell colonies from baseline and week 6 was performed by 
the non-parametric Wilcoxon’s matched pair analysis. The IgG 
anti-VZV reactivity and the number of T-cell colonies at week 
6 of the two groups were compared by analysis of covariance 
with adjustment of baseline values.

Statistical significance was defined as a two-tailed p value 
of<0.05. All analyses were performed by the SPSS programme 
V.17.0 for Windows 10.

Results
Clinical characteristics of the participants
Between March 2016 and October 2017, 183 SLE patients were 
assessed for eligibility. Ninety patients were recruited (93.3% 
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Figure 3  Change in VZV-stimulated T cell colonies (spots) from 
baseline to week 6 after herpes zoster vaccination. SLE,systemic lupus 
erythematosus; VZV, varicella zoster virus.

Table 2  Disease activity, serological results and medications of the 
SLE patients at study entry

HZ vaccinated 
group (n=45)

Placebo group

P value(n=45)

N (%), mean±SD

SELENA-SLEDAI score 1.53±1.66 1.33±1.58 0.56

PGA score 0.25±0.14 0.25±0.13 1

Damage score (SDI) 0.84±1.07 0.77±1.16 0.76

Serological results

 �IgG level, g/L 16.9±5.4 16.8±5.7 0.93

 �IgA level, g/L 3.4±1.6 3.1±1.1 0.24

 �IgM level, g/L 1.4±2.1 0.95±0.7 0.14

 �Lymphocyte count, x109/L 1.40±0.60 1.28±0.62 0.37

 �Serum creatinine, μmol/L 70.9±18.9 75.7±25.4 0.31

 �Complement C3 level, g/L 0.96±0.30 1.02±0.29 0.32

 �Anti-dsDNA titer, IU/mL 63.5±83.1 60.4±85.9 0.86

Medications at entry

 �Prednisolone 23 (51) 29 (64) 0.2

 �Daily dose, mg 4.2±1.2 5.0±2.1 0.1

 �Azathioprine 11 (24) 11 (24) 1

 �Daily dose, mg 70.4±18.8 47.7±17.5 0.008

 �Mycophenolate mofetil 17 (38) 18 (40) 0.83

 �Daily dose, g 0.88±0.22 0.93±0.12 0.11

 �Hydroxychloroquine 25 (56) 33 (73) 0.08

 �Daily dose, mg 209±92 194±74 0.53

 �Tacrolimus 0 (0) 2 (4.4) 0.49

 �Ciclosporin A 2 (4.4) 0 (0) 0.49

HZ, herpes zoster; PGA, physician's global assessment; SDI, ACR/SLICC damage 
index; SELENA-SLEDAI, Safety of Estrogens in Lupus Erythematosus National 
Assessment—SLE Disease Activity Index; SLE, systemic lupus erythematosus.

Figure 2  Change in anti-VZV IgG from baseline to week 6 after 
herpes zoster vaccination. SLE,systemic lupus erythematosus; VZV, 
varicella zoster virus.

women) and assigned to vaccine or placebo in a 1:1 ratio. 
Figure  1 shows the disposition of patients. The mean age of 
patients was 45.6±14.1 years and SLE duration was 13.7±8.7 
years. All except two patients (chickenpox infection in child-
hood) had a history of HZ infection. Table 1 shows the clinical 
characteristics of the patients. No significant differences in the 
prevalence of clinical manifestations and autoantibodies were 
observed between the vaccinated and placebo groups.

Table 2 shows the laboratory parameters and medications of 
the participants at study entry. The levels of IgG/IgA/IgM, serum 
creatinine, C3 and anti-dsDNA were similar between the two 
groups. There were also no significant differences in the SLEDAI 
or damage scores. Three patients in the vaccinated group and 
two patients in the placebo group had baseline clinical SLE 
activity (all mild thrombocytopenia that did not require change 
in therapy). All patients were receiving low-dose maintenance 
immunosuppressive therapies (table 2). No significant difference 
was observed in the medication use between the two groups 
except for a higher mean daily dose of azathioprine in the vacci-
nated group. No patients received combination therapies with 
more than one non-glucocorticoid immunosuppressive drugs 
(except hydroxychloroquine).

Humoral immune response to HZ vaccine
All participants completed the study. The baseline and week 6 
anti-VZV IgG reactivity is shown in figure 2. All except one SLE 
patients had positive IgG anti-VZV test at baseline and there was 
no significant difference in the IgG anti-VZV values between the 
two groups (p=0.48). The anti-VZV IgG dropped from base-
line to week 6 (3.45±1.07 to 3.32±1.01 (−2.1%); p=0.08) 

in the placebo-treated patients. In contrast, the anti-VZV IgG 
increased significantly from week 0 to 6 in HZ-vaccinated 
patients (3.28±1.19 to 4.16±1.26 (+59.8%); p<0.001). The 
increment in IgG in vaccinated patients was similar in magnitude 
to healthy controls in whom the anti-VZV IgG titers increased 
from 2.58±0.72 to 3.75±0.34 (+45%; p=0.02) after HZ vacci-
nation. The difference in IgG anti-VZV at week 6 between the 
vaccine and placebo-treated patients was statistically significant 
after adjustment for baseline values (p<0.001).

Cell-mediated immune response to HZ vaccine
The number of IFN-γ secreting CD4+ T cell spots (per 5×105 
cells) was similar between the two groups of patients at base-
line (p=0.92). T-cell spots decreased in the placebo-treated 
patients from week 0 to 6 (27.8±44.5 to 23.1±47.9 (−17%); 
p=0.17), whereas they increased in the vaccine-treated patients 
(26.9±45.9 to 38.1±78.2 (+42%); p=0.24) (figure  3). The 
percentage increase in T-cell spots in vaccinated SLE patients 
was similar to that of healthy controls after HZ vaccination 
(32.9±35.8 to 48.7±24.6 (+48%); p=0.05). The number of 
T-cell spots at week 6 was significantly higher in vaccine than 
placebo-treated patients after adjustment for baseline values 
(38.1±78.2 vs 23.1±47.9; p=0.02).
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Table 3  Unsolicited adverse events at week 6

HZ vaccinated 
group (n=45)

Placebo group

P value(n=45)

Adverse events N (%), mean±SD

Conjunctivitis 0 (0) 1 (2.2) 1

Subjective fever 2 (4.4) 1 (2.2) 1

Injection site erythema 
and pain

14 (31) 3 (6.7) 0.006

Dizziness 1 (2.2) 0 (0) 1

Muscle cramps 1 (2.2) 0 (0) 1

Arthralgia 1 (2.2) 0 (0) 1

*SLE flares 2 (4.4) 1 (2.2) 1

*Two patients in the vaccinated group had mild SLE flares (dermatological); one 
patient in the placebo had mild renal flare (increase in proteinuria).
SLE, systemic lupus erythematosus.

Factors affecting the cell-mediated and humoral response to 
HZ vaccination
Among SLE patients who were treated with the HZ vaccine, no 
correlation could be found between the increase in T-cell spots 
or anti-VZV IgG and age, sex, baseline lymphocyte counts, 
SLEDAI scores, complements, anti-dsDNA levels and the serum 
immunoglobulin levels (data not shown). Compared with 
patients not using prednisolone at baseline, those treated with 
prednisolone had lower increase in T-cell spots (3.2±28.3 vs 
19.6±102; p=0.47) and anti-VZV IgG reactivity (31.5±67.0 vs 
90.8±217; p=0.24) postvaccination, but the difference was not 
statistically significant. Patients using MMF also showed a non-
significantly lower increase in T-cell spots than those not using 
the drug postvaccination.

Adverse events
None of the participants had SAEs that led to study withdrawal. 
Table 3 summarises the adverse events reported by the patients at 
week 6. Injection site erythema and pain was the most common 
symptoms reported and was significantly more common in the 
vaccinated than placebo-treated patients. In all cases, the symp-
toms were mild and self-limiting after a few days. Two vacci-
nated patients had mild/moderate SLE flares (dermatological) 
while one patient in the placebo group had mild/moderate SLE 
flare (increase in proteinuria).

We further evaluated whether injection site reactivity to the 
HZ vaccine was associated with its immunogenicity. However, 
we did not find any significant relationship. In fact, those vacci-
nated SLE patients who developed injection site reaction had a 
slightly lower percentage increase in IgG anti-VZV and T-cell 
spots (data not shown). There was also no association between 
injection site reaction and other clinical variables that included 
age, sex, SLE duration, disease activity, baseline immunoglobulin 
levels, lymphocyte counts and dosages of immunosuppressive 
drugs.

Discussion
This is the first RCT on the safety and immune response of a live-
attenuated HZ vaccine in patients with SLE. We demonstrated 
that the vaccine was safe and well-tolerated in stable patients not 
receiving intensive immunosuppression. The only unsolicited 
adverse event that occurred at a higher frequency in vaccinated 
patients was transient injection site reaction. Flares of SLE did 
not increase after HZ vaccination. No patients developed clin-
ical HZ eruption within 6 weeks of vaccination.

Our results showed that the humoral response in terms of IgG 
reactivity against VZV increased significantly after vaccination 
in SLE patients. The percentage increase of anti-VZV IgG in 
patients was comparable to healthy controls after administration 
of the same vaccine, although the absolute increase in values 
was lower. In immunocompetent subjects, a more than twofold 
increase in anti-VZV titers after vaccination was reported.18 
However, our data showed that the increase in IgG anti-VZV was 
lower than expected in both SLE patients and controls postvacci-
nation. While the reason is not apparent, one contributing factor 
is the high rate of previous exposure to VZV infection in most 
participants, which could have led to a higher baseline anti-IgG 
anti-VZV value that limited its rise after vaccination. As SLE 
patients recruited in our study had stable disease and received 
minimal immunosuppression, their baseline IgG anti-VZV reac-
tivity could be increased because of the higher frequency of 
previous HZ reactivation as compared with controls.

An IFN-γ ELISPOT assay was used in our study to assess the 
cell-mediated response to HZ vaccination, which was indirectly 
reflected by the number of T-cell colonies (spots) on VZV stim-
ulation. However, there is still no benchmark of the degree of 
increase in the T spots to define an adequate immune response. 
Our data demonstrated that T-cell spots increased in vaccinated 
SLE patients from baseline to week 6. The percentage increase 
was comparable to that of healthy controls. In contrast, there 
was a reduction in the number of T-cell spots in SLE patients 
treated with placebo. The difference in T-cell spots at week 6 
between the vaccinated and placebo-treated patients was statisti-
cally significant after adjustment for baseline values. These indi-
cated an immune response to the HZ vaccine in SLE patients. 
However, we were unable to reveal any factors significantly 
associated with the cell-mediated response to vaccination except 
a trend of lower response in those using prednisolone or MMF 
at study entry. This could be the result of recruitment of SLE 
patients with stable disease using minimal immunosuppression 
and the limited sample size of the study.

A recent study showed that SLE patients had reduced cellular 
immune response to VZV, as evidenced by a reduced number of 
IFN-γ spot-forming cells and impaired proliferation of CD4+ T 
cells on VZV stimulation.19 However, the anti-VZV IgG titer was 
increased as compared with healthy controls, which was unre-
lated to subclinical HZ reactivation or disease activity.20 Results 
of this study19 are consistent with ours which showed that the 
baseline anti-VZV IgG reactivity was higher but the number of T 
spots on VZV stimulation was lower in SLE patients than healthy 
controls. Although the percentage increase in IgG anti-VZV and 
T spots in SLE patients was similar to healthy controls postvac-
cination, the absolute increase in the respective numbers was 
lower in our patients.

The safety of Zostavax in SLE was reported in only one 
previous study of 10 SLE patients aged >50 years.12 Similar to 
ours, this study also reported a comparable percentage increase 
of the VZV-stimulated T spots postvaccination in SLE patients 
with controls but the absolute increase was lower. Another study 
showed that a live-attenuated varicella-zoster vaccine was well-
tolerated in 28 paediatric SLE patients with a history of chick-
enpox.21 However, the cell-mediated response to vaccination 
was lower in patients than controls.

Despite the increased risk of HZ infection, SLE had the 
lowest HZ vaccination rates among age-eligible subjects,9 prob-
ably because of the concern of vaccine safety, the principle of 
contraindication to live-attenuated vaccines in immunocompro-
mised hosts, as well as the current ambiguous guidelines for HZ 
vaccination in SLE.10 The US Centers for Disease Control and 
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Prevention only recommends the live-attenuated HZ vaccine 
in patients receiving low-to-moderate immunosuppression 
such as short-term corticosteroid therapy (<14 days), low to 
moderate doses of corticosteroid (<20 mg/day prednisolone), 
methotrexate (<0.4 mg/kg/week) and azathioprine (<3 mg/kg/
day).22 The cut-off dosages of various drugs to differentiate 
between heavy and non-heavy immunosuppression are based on 
expert opinions and not all SLE medications are included. The 
EULAR recommendation suggests that the live-attenuated HZ 
vaccine may be considered in patients with rheumatic diseases 
who are less seriously immunosuppressed.23 However, the defi-
nition of ‘less serious’ immunosuppression is not explicit. The 
recent availability of the non-live subunit and inactivated HZ 
vaccines might provide more opportunities for SLE patients to 
be protected against HZ reactivation as they do not contain the 
live virus that may cause disseminated infection in patients on 
heavy immunosuppression.10 Despite the lack of head-to-head 
comparative studies, a recent network meta-analysis showed that 
the recombinant adjuvant subunit vaccine may be more effec-
tive than the live vaccine in preventing HZ reactivation in older 
healthy individuals.24 However, the subunit HZ vaccine requires 
two injections and the incidence of injection site reactivity was 
significantly higher.24 The subunit HZ vaccine provokes a strong 
immune response regardless of previous vaccination with live 
HZ vaccine25 and is a suitable option to revaccinate prior live 
HZ vaccine recipients. However, the subunit HZ vaccines are 
not yet tested in SLE patients or available in all localities.

There are a few limitations of the study. First, during sample 
calculation, we had assumed a greater humoral immune response 
to the HZ vaccine in SLE patients. The actual results, however, 
showed that the immune responses to vaccination in both SLE 
patients and controls were lower and exhibited a great indi-
vidual variation. As a result, the sample size of the study might 
be insufficient to detect a difference in the immune response to 
vaccination, particularly the cell-mediated response. Second, the 
safety and immunogenicity of Zostavax derived from our results 
does not apply to patients with active SLE or those receiving 
more intensive immunosuppression. Finally, the persistence of 
immunogenicity of the HZ vaccine and its clinical efficacy in 
reducing HZ reactivation in the long-run has yet to be seen. 
In fact, we have collected samples for the humoral response to 
the HZ vaccine at 1 year and extended our study to 3 years for 
repeat assessment of the vaccine immunogenicity.

In conclusion, our study has demonstrated safety and immu-
nogenicity of a live-attenuated HZ vaccine in stable SLE patients 
with a previous history of HZ or varicella infection. HZ vaccine 
should best be administered during periods of SLE quiescence 
to maximise its efficacy. Longer-term surveillance is necessary to 
evaluate the immunogenicity of the vaccine and its correlation 
with clinical efficacy in reducing HZ reactivation.
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ABSTRACT
Objectives  Maintenance of remission has become 
central in the management of systemic lupus 
erythematosus (SLE). The importance of interferon-alpha 
(IFN-α) in the pathogenesis of SLE notwithstanding, its 
expression in remission has been poorly studied as yet. 
To study its expression in remission and its prognostic 
value in the prediction of a disease relapse, serum 
IFN-α levels were determined using an ultrasensitive 
single-molecule array digital immunoassay which 
enables the measurement of cytokines at physiological 
concentrations.
Methods  A total of 254 SLE patients in remission, 
according to the Definition of Remission in SLE 
classification, were included in the study. Serum IFN-α 
concentrations were determined at baseline and 
patients were followed up for 1 year. Lupus flares were 
defined according to the Safety of Estrogens in Lupus 
Erythematosus: National Assessment version of the 
Systemic Lupus Erythematosus Disease Activity Index 
Flare Index, whereas the Kaplan-Meier analysis and Cox 
regression analysis were used to estimate the time to 
relapse and to identify baseline factors associated with 
time to relapse, respectively.
Results  Of all patients in remission, 26% displayed 
abnormally high IFN-α serum levels that were 
associated with the presence of antibodies specific for 
ribonucleoprotein (RNP), double stranded (ds)DNA and 
Ro/SSA60, as well as young age. Importantly, elevated-
baseline IFN-α serum levels and remission duration 
were associated in an independent fashion, with shorter 
time to relapse, while low serum levels of complement 
component 3 and anti-dsDNA Abs were not.
Conclusion  Direct serum IFN-α assessment with 
highly sensitive digital immunoassay permits clinicians 
to identify a subgroup of SLE patients, clinically in 
remission, but at higher risk of relapse.

Introduction
Systemic lupus erythematosus (SLE) is a chronic 
autoimmune disease of incompletely known aeti-
ology characterised by the presence of anti-nuclear 
autoantibodies and inflammation in a wide spec-
trum of organs.1 Despite the improvement of 
SLE prognosis in the last decades, SLE patients 
are still at high risk of disease-related complica-
tions and premature death.2 3 Several authors have 

shown that remission defined as the elimination of 
disease activity predicted a better disease outcome 
with a lower burden of damage and a lower risk 
of relapse.4 5 Thus, remission achievement and its 
maintenance have become central in the manage-
ment of SLE patients.6 7 Many definitions have 
been used to better characterise remission states, 
but a single one has recently made consensus, 
the DORIS (Definitions of Remission in SLE). 
For defining remission, the DORIS uses a clin-
ical index, such as the clinical SLE disease activity 
index (SLEDAI)=0 with routine laboratory 
assessments including anti-double stranded DNA 
(anti-dsDNA) antibodies (Abs) and complement.7 
Serologically active patients, that is, patients with 
an increase in serum anti-dsDNA Abs and/or a 
complement consumption, are much more likely 
to experience subsequent flares, as compared with 
those who are serologically inactive.7 However, 
these two markers fail to reliably predict a lupus 
flare.8 9 Consequently, no consensus has yet 
been reached by the DORIS working group as 

Key messages

What is already known about this subject?
►► Serum interferon-alpha (IFN-α) levels have been 
poorly studied in systemic lupus erythematosus 
(SLE) patients in remission so far.

►► The single-molecule array assay is an 
ultrasensitive assay that quantifies directly 
IFN-α at attomolar concentrations.

What does this study add?
►► A quarter of SLE patients in remission display 
elevated serum IFN-α levels.

►► Elevated serum IFN-α levels constitute an 
independent predictive biomarker of lupus 
flares.

How might this impact on clinical practice or 
future devemopments?

►► Including serum IFN-α in the routine laboratory 
assessments in patients in remission will assist 
clinicians in identifying SLE patients at higher 
risk of relapse.
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to a reliable definition that enables the distinction of patients 
who are serologically active from those who are serologically 
inactive.7

Many authors consider the dysregulation of interferons (IFNs), 
especially interferon-alpha (IFN-α), to be a central cause of the 
immunological abnormalities observed in SLE.10–16 Transcrip-
tome analysis using microarray technology revealed upregula-
tion of the expression of numerous IFN-stimulated genes (ISGs) 
in SLE patients’ peripheral blood mononuclear cells, constituting 
an overall ‘IFN signature’.17 18 Many reports showed patients’ 
elevated serum-IFN-α levels to be associated with SLE activity 
and severity, suggesting that monitoring this cytokine might 
help physicians to better evaluate disease activity,17–35 although, 
unexpectedly, some clinically inactive patients have persistently 
elevated serum IFN-α levels.19–23 25 35 Since serum concentra-
tions of IFN-α are usually very low and often not detectable by 
classic immunoassays, monitoring the expression of ISGs is used 
to evaluate IFN serological activity. The resulting ‘IFN scores’ 
are calculated based on the expression of several representative 
ISGs.29 36 37 However, the low availability and high complexity 
of transcriptome-microarray technology implies that IFN scores 
are not standardised and therefore cannot be easily used in clin-
ical practice. At present, IFN-α overexpression has been poorly 
studied in patients in remission.

The single-molecule array (Simoa) assay, or digital immuno-
assay, is an ultrasensitive assay based on enumeration of indi-
vidual enzyme-labelled immunocomplexes of proteins captured 
on beads in single-molecule arrays. It enables direct IFN-α quan-
tification at attomolar concentrations,35 38–40 corresponding 
to a 5000-fold—increased sensitivity over classic ELISAs. We 
and others have shown that, at physiological concentrations, 
the digital immunoassay is as sensitive as ISG expression as a 
means to quantify IFN-α levels and simpler to perform and 
standardise.35 40 We thus conducted a study to determine the 
magnitude of serum IFN-α concentrations in SLE patients in 
remission using the DORIS criteria.7 Additionally, in order to 
improve the definition of remission, we determined the clinical 
and biological features associated with elevated IFN-α levels in 
patients experiencing a remission and we investigated whether 
high serum IFN-α levels at baseline in patients in remission were 
predictive of a flare in the ensuing year.

Patients, materials and methods
Study design and patients
The longitudinal study reported here was conducted between 
September 2014 and September 2017 at the National Referral 
Center for SLE, Paris, France. Serum samples were obtained 
at day 0 (=baseline) from consecutive patients diagnosed with 
SLE according to the 1997 American College of Rheumatology 
criteria for SLE classification, regardless of the activity of the 
disease.41 Exclusion criteria were: (1) known or suspected infec-
tion or malignancy on the day blood was drawn; (2) increased 
hydroxychloroquine (HCQ), prednisone and/or immunosupres-
sant (IS) during the 4 weeks preceding day 0. SLE clinical charac-
teristics (see online supplementary file), SELENA-SLEDAI,42–44 
SLEDAI-2K,45 class of lupus nephritis according to ISN/
RPS-2003,46 and therapeutic regimen were recorded on day 0. 
Lupus flares were defined according to the SELENA-SLEDAI 
Flare Index.43 44 The term ‘clinical’ SLEDAI (cSLEDAI) refers to 
symptoms, signs and routine laboratory testing and disregards 
only the points that can be given for the presence of anti-dsDNA 
Abs and/or low complement.7 Five exclusive disease activity 
statuses were defined, according to the DORIS7 and following 

Wilhelm et al47 and Ugarte-Gil et al48 without physician global 
assessment (PGA) and serum C4 analysis:

►► Complete remission off treatment: cSELENA-SLEDAI=0, no 
corticosteroids, no IS, no anti-dsDNA Abs and no comple-
ment component 3 (C3) decrease.

►► Clinical remission off treatment: cSELENA-SLEDAI=0, no 
corticosteroids, no IS. Anti-dsDNA Abs and/or C3 decrease 
present.

►► Complete remission on treatment: cSELENA-SLEDAI=0, 
prednisone 1–5 mg/day, IS allowed, no anti-dsDNA Abs and 
no C3 decrease

►► Clinical remission on treatment: cSELENA-SLEDAI=0, 
prednisone 1–5 mg/day, IS allowed. Anti-dsDNA Abs and/or 
C3 decrease present.

►► Not in remission: cSELENA-SLEDAI >0 and/or prednisone 
>5 mg/day.

HCQ was allowed in all groups. Duration of remission was 
recorded. Over a consecutive 5-year period of remission, the 
patient was considered in ‘prolonged remission’, as proposed by 
Steiman et al,49 and treated in the statistical analysis as a 5-year 
remission. Alternatively, patients not in remission but fulfilling 
Lupus Low Disease Activity State (LLDAS)48 50 were included in 
the ‘LLDAS without remission’ subgroup (see online supplemen-
tary file). Sera from age-matched and gender-matched healthy 
donors (n=68) were collected (Établissement Français du Sang, 
Île-de-France, Pitié–Salpêtrière Hospital, Paris, France) during 
the same time period.

Patient follow-up
Patients in remission at day 0 were followed for 1 year (see 
online supplementary file).

IFN-α digital immunoassay
Serum IFN-α concentrations, expressed in fg/mL, were deter-
mined at day 0 with digital immunoassay technology (IFN-α 
Reagent Kit, Quanterix Simoa, Lexington, Massachusetts, USA), 
based on a three-step protocol (see online supplementary file) 
using the HD-1 Analyzer (Quanterix).38 The IFN-α digital 
ELISA positivity threshold (defining elevated IFN-α) was 136 fg/
mL, which is three SD above the mean serum IFN-α concentra-
tion calculated from the sera samples from the 68 healthy blood 
donors.

Statistical analysis
Statistical analyses were performed using GraphPad Prism, V.5.0 
software (GraphPad Software, San Diego, California, USA) and 
SAS V.9.4 software (see online supplementary file).

Results
Patient characteristics and distribution according to disease 
activity
A total of 407 patients were included in the study, with 254 
patients in remission (ie, cSELENA-SLEDAI=0 and prednisone 
equal or less than 5 mg/day) and 153 not in remission. Patients’ 
baseline characteristics are described in table 1. From the 254 
patients in remission, 86 (33.9%) were in complete remission 
off treatment, 59 (23.2%) in complete remission on treatment, 
47 (18.5%) in clinical remission off treatment and 62 (24.4%) 
in clinical remission on treatment. Sixty-seven (26.3%) patients 
were in remission for less than 1 year, 101 (39.8%) for 1–5 years, 
and 86 (33.9%) for more than 5 years. The median (range) of 
remission duration was 5 years (0–5) for patients in complete 
remission off treatment, 1.6 years (0–5) for patients in complete 
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Table 1  Disease characteristics in SLE patients at baseline

Patients in 
remission (n=254)

Patients not in 
remission (n=153)

Women 226 (89) 139 (91)

Age, years, mean±SD 42.4±12.9 36.3±12.0

Disease duration, years, mean±SD 12.6±9.7 8.9±8.5

SELENA–SLEDAI score, median (range) 0 (0–4) 6 (0–41)

SELENA–SLEDAI score ≥4 21 (8) 110 (72)

Mild/moderate flare* 0 (0) 31 (20)

Severe flare* 0 (0) 76 (50)

Clinical involvement

 �Fever 0 (0) 37 (24)

 �Weight loss or anorexia 0 (0) 21 (14)

 �Lymphadenopathy 1 (0) 24 (16)

 �Any constitutional signs 0 (0) 46 (30)

 �Active cutaneous lupus 0 (0) 48 (31)

 �Active lupus serositis 0 (0) 23 (15)

 �Active lupus arthritis 0 (0) 67 (44)

 �Active lupus nephropathy 0 (0) 31 (20)

  �  Proliferative nephropathy 0 (0) 15 (10)

  �  Membranous nephropathy 0 (0) 16 (10)

 �Active neuropsychiatric lupus 0 (0) 8 (5)

 � Cytopenia 0 (0) 34 (22)

Treatment regimen

 �Hydroxychloroquine use 228 (90) 119 (78)

 �Prednisone use 100 (39) 105 (69)

 �Prednisone ≥10 mg/j 0 (0) 56 (37)

 �Immunosuppressive agent use† 46 (18) 50 (33)

Biological tests

 �Positive Farr test 101 (40) 97 (63)

 �Positive anti-RNP Abs 50 (20) 68 (44)

 �Positive anti-Sm Abs 18 (7) 33 (22)

 �Positive anti-Ro/SSA 52 Abs 56 (22) 41 (27)

 �Positive anti-Ro/SSA 60 Abs 83 (33) 68 (44)

 �Positive anti-La/SSB Abs 22 (9) 20 (13)

 �Low C3 30/248‡ (12) 68/150‡ (45)

Values are expressed as n (%), unless stated otherwise.
*Defined using SELENA flare index43 44

†Excluding antimalarials and prednisone. Immunosuppressant therapy was 
mycophenolate mofetil (MMF) for 43 (44%) patients, methotrexate (MTX) for 39 
(41%), azathioprine for 13 (14%) and cyclophosphamide for 1 (1%). Two patients 
were receiving calcineurin inhibitor in addition to MMF and three patients were 
receiving belimumab in addition to MTX.
‡Positive assay/number of patients assessed.
Abs, antibodies; SELENA-SLEDAI, Safety of Estrogens in Lupus Erythematosus: 
National Assessment version of the Systemic Lupus Erythematosus Disease Activity 
Index; SLE, systemic lupus erythematosus.

remission on treatment, 4.2 years (0.1–5) for clinical remission 
off treatment and 1.6 years (0–5) for clinical remission on treat-
ment. Among the 153 patients not in remission, 19 (12.4%) 
fulfilled the LLDAS criteria, defining the ‘LLDAS without remis-
sion’ subgroup.

Serum IFN-α in remission and LLDAS
The serum IFN-α levels according to the different states of remission 
are presented in table 2. A total of 26.0% of patients in remission had 
still detectable serum IFN-α levels exceeding the positivity threshold. 
Patients in ‘clinical remission’ had the highest rate of elevated serum 
IFN-α: 41.9% for ‘clinical remission on treatment’ and 38.3% for 
‘clinical remission off treatment’ (vs 16.3% for ‘complete remission 
off treatment’, p=0.0007 and 0.006, respectively). Among patients 

in remission, patients in ‘clinical remission on treatment’ had the 
highest concentration of IFN-α with a median (quartiles) of 109 fg/
mL (12–378) (vs 11 fg/mL (0–81) in patients in ‘complete remission 
off treatment’, p=0.0002). Alternatively, we assessed serum IFN-α 
levels in different states of remission according to the definition of 
Zen et al,5 a definition of remission in which the role of cortico-
steroids is highlighted in comparison to immunosuppressive treat-
ment. As shown in online supplementary file 1, we found similar 
results: patients in ‘clinical remission on or off corticosteroids’ had 
the highest rate of abnormal serum IFN-α levels, as compared with 
those of patients in ‘complete remission’. Thus, a significant number 
of patients in remission had increased IFN-α levels in their serum. 
Eight (42.1%) patients of the ‘LLDAS without remission’ subgroup 
displayed abnormal IFN-α serum concentrations (OR 3.7 (95% 
CI 1.3 to 11.0) and a mean IFN-α level of 111 fg/mL (0–1647), 
p=0.02 and p=0.07, respectively, as compared with patients in 
‘complete remission off treatment’).

SLE characteristics associated with abnormal serum IFN-α 
levels in remission
Elevated IFN-α serum levels of patients in remission were signifi-
cantly associated, in multivariable analysis, with the presence of 
serum Abs specific for RNP, dsDNA and Ro/SSA60, young age 
and lower granulocyte counts (table  3). In contrast, disease and 
remission duration, prednisone intake, IS therapy, HCQ and low 
C3 serum levels did not show a significant association with IFN-α 
serum levels.

Elevated IFN-α serum levels in SLE patients in remission 
predict a lupus flare
Of the 254 patients in remission at day 0, 250 were followed for 
1 year. Twenty-four (9.6%) patients experienced a flare. The median 
(range) time of the flare occurrence was 141 (25–349) days. The 
type and severity of the flares are reported in online supplemen-
tary table 3. A total of 37.5% of the flares were severe. The most 
frequent type of relapses was arthritis (n=15) followed by cutaneous 
flare (n=7) and serositis (n=4). Unadjusted cox regression showed a 
significantly higher risk of relapse in patients who displayed at base-
line elevated IFN-α (HR 5.5 (95% CI 2.4 to 12.5), p<0.0001) or 
decreased C3 (HR 3.7 (95% CI 1.6 to 9.1), p=0.003) serum levels, 
respectively, but not in patients who had a positive Farr assay (HR 1.5 
(95% CI 0.7 to 3.4), p=0.3) (figure 1). The highest concentrations 
of IFN-α at baseline were associated with the greatest frequencies 
of relapse (online supplementary figure 1). Other factors at baseline 
associated with the risk of relapse were prednisone intake 1–5 mg/
day (HR 3.2 (95% CI 1.4 to 7.5), p=0.007), positive anti-RNP Abs 
(HR 3.1 (1.4 to 7.0), p=0.006), age <40 years (HR 0.4 (95% CI 
0.2 to 0.9), p=0.02) and disease duration <10 years (HR 0.2 (95% 
CI 0.1 to 0.6), p=0.003). The remission duration was a protective 
factor for the probability of flare (HR 0.6 (95% CI 0.5 to 0.8) for 
each consecutive year of remission completed, p=0.0002).

Finally, in multivariable analysis, the factors independently associ-
ated with the risk of flare were abnormal serum IFN-α levels at base-
line (HR 4.0 (95% CI 1.7 to 9.6), p=0.002) and remission duration 
(HR 0.7 (95% CI 0.5 to 0.9), p=0.02, for each year in remission). 
Low C3 (HR 2.4 (95% CI 0.9 to 6.2), p=0.07) and prednisone 
intake (HR 2.4 (95% CI 0.9 to 5.9), p=0.06) were also kept in the 
model as associated with a higher risk of flare but these associations 
were not statistically significant. We performed a sensitivity analysis 
using a lower concentration of IFN-α as the threshold of elevated 
IFN-α levels and found similar results (data not shown).

Additionally, the risks of relapse according to combined SLE 
biomarkers (low C3, positive Farr assay and elevated IFN-α serum 
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Table 2  Serum IFN-α levels at baseline in SLE patients in remission or not in remission (according to Wilhelm et al47 modified)

Abnormal serum IFN-α 
level

OR
(95% CI) P value*

Serum IFN-α fg/mL, 
median (Q1, Q3) P value†

Remission (n=254) 66 (26.0)

 �Complete remission off treatment (n=86)‡ 14 (16.3) 1 (Ref.) Ref. 11 (0–81) Ref.

 �Complete remission on treatment (n=59) 8 (13.6) 0.8 (0.3 to 2.1) NS 15 (0–51) NS

 �Clinical remission off treatment (n=47) 18 (38.3) 3.2 (1.4 to 7.2) 0.006 18 (0–314) NS

 �Clinical remission on treatment (n=62) 26 (41.9) 3.7 (1.7 to 8.0) 0.0007 109 (12–378) 0.0002

Not in remission (n=153) 97 (63.4)

 �Prednisone >5 mg/day (n=33) 10 (30.3) 2.2 (0.9 to 5.7) NS 78 (0–296) 0.04

 �cSLEDAI >0 (n=74) 51 (68.9) 11.4 (5.4 to 24.3) <0.0001 519 (68–3,087) <0.0001

 �Prednisone >5 mg/day and cSLEDAI >0 (n=46) 36 (78.3) 18.5 (7.5 to 45.8) <0.0001 2,054 (455-8,751) <0.0001

Values are expressed as n (%), unless stated otherwise.
*Bivariable analysis using Mann-Whitney U test compared with ‘complete remission off treatment’ as the reference.
†Bivariable comparison using Fisher’s exact test compared with patients in ‘complete remission off treatment’ as the reference.
‡Reference group for statistical analysis.
cSLEDAI, clinicalSLEDAI; IFN-α, interferon alpha;NS, non-significant; SLE, systemic lupus erythematosus; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index.

Table 3  Disease characteristics associated with serum IFN-α levels at baseline in SLE patients in remission

IFN-α

Bivariable
P value*

Multivariable
P value†

Adjusted OR†
(95% CI)

Normal
n=188

Elevated
n=66

Women 165 (88) 61 (92) 0.30 ND

Age, years, mean±SD 44.0±13.3 37.5±10.8 <0.001 0.002 0.96 (0.93 to 0.98)

Disease duration, years, mean±SD 13.4±10.0 10.4±8.3 0.029 NS

Remission duration, years, median (Q1–Q3) 3.4 (1.1–5.0) 1.8 (0.5–5.0) 0.024 NS

Hydroxychloroquine use 165 (88) 63 (95) 0.08 ND

Prednisone use 72 (38) 28 (42) 0.55 ND

Prednisone use, mg/d, median (Q1–Q3) 0 (0–5) 0 (0–5) 0.65 ND

Immunosuppressive agent use‡ 31 (16) 15 (23) 0.26 ND

Positive Farr test 59 (31) 42 (64) <0.001 0.02 2.3 (1.1 to 4.6)

Positive anti-RNP Abs 21 (11) 29 (44) <0.001 0.0002 4.6 (2.1 to 10.2)

Positive anti-Ro/SSA 52 Abs 34 (18) 22 (33) 0.01 NS

Positive anti-Ro/SSA 60 Abs 52 (28) 31 (47) 0.004 0.01 2.6 (1.3 to 5.4)

Positive anti-La/SSB Abs 14 (7) 8 (12) 0.25 ND

Positive anti-Sm Abs 5 (3) 13 (20) <0.001 NS

Low C3 14/184§ (8) 16 (24) <0.001 NS

Lymphocytes, G/L, median (Q1–Q3) 1.5 (1.2–2.1) 1.2 (0.9–1.5) 0.0001 NS

Granulocytes, G/L, median (Q1–Q3) 3.9 (2.9–5.5) 3.1 (2.4–3.7) <0.001 0.001 0.7 (0.5 to 0.8)

Thrombocytes, G/L, median (Q1–Q3) 249 (215–284) 232 (205–282) 0.5 ND

Haemoglobin, g/dL, median (Q1–Q3) 13.3 (12.6–14.1) 12.6 (11.8–13.7) <0.001 NS

Values are expressed as n (%), unless stated otherwise.
*Estimated by Mann-Whitney test, Fisher’s exact or χ2 test.
†Evaluated by multivariable logistic regression.
‡Excluding antimalarials and prednisone.
§Positive assay/number of patients assessed.
Abs, antibodies; IFN-α, interferon-alpha; ND, not done; NS, non-significant; SLE, systemic lupus erythematosus.

levels) were independently analysed with a proportional risk Cox 
model (online supplementary table 4). In this model, isolated 
elevated IFN-α levels were a predictive factor of lupus flare (HR of 
5.5 (95% CI 1.7 to 18.1), p=0.005). In contrast, isolated positive 
Farr assay and isolated low C3 levels had no predictive value of 
lupus flare.

Potentiality of the digital immunoassay, C3 and Farr assay 
performances to predict a flare
The time-dependent receiver operating characteristics (ROC) 
area under the curve (AUC) (figure 2) estimates for the IFN-α 
digital immunoassay to predict a flare was 0.73, better than 

that of anti-dsDNA Abs (0.60, p=0.055), and C3 serum levels 
(0.56, p=0.2). The time-dependent ROC AUCs for the three 
biomarkers were highest around day 90.

Discussion
The significance of monitoring IFN-α serum levels in SLE for the 
assessment of remission and the risk to develop flares has been 
poorly documented as yet. In the present study, we show that 
a significant proportion of patients despite being in remission 
have high serum IFN-α levels that were found to independently 
predict the risk of subsequent SLE flares, thereby emphasising 
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Figure 1  Baseline elevated serum interferon-alpha (IFN-α) and low 
C3 levels identify patients with elevated risk for future systemic lupus 
erythematosus flares. Kaplan-Meier curves. Serum IFN-α (positivity 
threshold of 136 fg/mL), anti-double stranded DNA (anti-dsDNA) 
antibodies by Farr assay (cut-off value: 9.0 IU/mL) and C3 levels (cut-off 
value: 0.78 g/L) were assessed at day 0. Kaplan-Meier plots show the 
percentage of patients who flared in any organ system. Vertical tick 
marks along each curve represent patients who remained flare-free but 
did not have a full year of clinical follow-up (censored data). Curves 
were compared using Log-Rank tests. Crude HRs were calculated using 
proportional risk cox model. (A) The red dashed line represents the 64 
patients with elevated IFN-α serum level at day 0. The continuous blue 
line represents the 186 patients with negative IFN-α serum level at day 
0. (B) The red dashed line represents the 99 patients with positive Farr
assay at day 0. The continuous blue line represents the 151 patients 
with negative Farr assay at day 0. (C) The red dashed line represents 
the 28 patients with low C3 level at day 0. The continuous blue line 
represents the 216 patients with normal C3 level at day 0.

the interest of measuring the production of this cytokine to 
monitor the course of disease.

Earlier publications have reported that between 3% and 32% 
of SLE patients without active disease present elevated IFN-α 
serum levels depending on the type of assay used to deter-
mine the presence of this cytokine.19–23 25 35 However, because 
different definitions of disease inactivity were used in these 
studies, the results cannot directly be compared with our study 
that takes into account the recently formulated consensual defi-
nition of disease remission.5 7 47 Contrary to the results of a previ-
ously published report,51 we noted that serum concentrations 
of IFN-α above the positive threshold values varied between 
different remission subgroups. Patients in clinical remission, that 
is, with serological activity, presented more frequently elevated 
serum levels of IFN-α than patients in complete remission. The 
presence of serum Abs specific for RNP, dsDNA and Ro/SSA60 
were found to be independently associated with the magnitude 
of serum IFN-α levels. These associations have previously been 
shown in SLE29–31 52–57 but, to the best of our knowledge, never 
been reported for patients in remission. Our data are in accor-
dance with those from previous studies that showed a key role 
of DNA/RNA-associated immune complexes through the activa-
tion of TLR7 and TLR9 for the induction of type I IFN produc-
tion.58 59

The DORIS group has recently agreed that the subsequent 
occurrence of flares is among the most appropriate outcome 
variables for defining the prognostic value of remission and 
furthermore suggested the inclusion of serological criteria 
for this definition.7 Results from previous reports on smaller 
SLE patient cohorts, based on the analysis of expression of 
ISGs in peripheral blood cells by microarray, failed to demon-
strate an association between IFN scores and the longitudinal 
risk of relapse.30 31 It is to be noted however that type I and 
type II IFNs largely overlap in the genes that they control, 
making it difficult to distinguish the signatures of IFN-gamma 
(IFN-γ) from IFN-α and IFN-beta (IFN-β). Indeed, the results 
from a modular repertoire analysis have emphasised that IFN 
signatures in SLE are not restricted to IFN-α, but also involve 
IFN-β and IFN-γ, thus underscoring the non-specific nature of 
IFN scores.60 Therefore, in a disease like SLE in which IFN-α 
appears to be central in the pathogenesis, it is likely that clin-
ical activity better correlates with the values of IFN-α serum 
levels, directly measured by a highly specific digital ELISA, 
than with the less specific expression of IGSs. Moreover, the 
IFN scores are likely to be rather poorly sensitive to changes 
in IFN-α serum concentrations and therefore of little use in 
monitoring the risk of relapse of disease. The results of our 
study suggest that the measurement of additional interferons, 
including IFN-β, IFN-γ and IFN-λ with the ultrasensitive 
digital immunoassay, might help to determine whether the 
expression of other IFN members also correlates with disease 
activity or specific characteristics of the disease.34 61 62 None-
theless, our results corroborate those from an earlier study 
showing the usefulness of monitoring expression levels of 
certain IFN-regulated chemokines to predict future flares: 
serum levels of CXCL10, CCL2 and CCL19 chemokines were 
found to be linked with SLE activity and performed better 
than other laboratory tests to predict a flare over the following 
year.63 Yet, these chemokines can be induced by other SLE-
associated cytokines beyond IFN-α, such as IFN-γ and their 
monitoring remains difficult in routine practice. As reported 
by others, we did not find an association between the presence 
of anti-dsDNA Abs and the risk of flare. Not surprisingly, the 
duration of remission was significantly associated with a poor 
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Figure 2  Cumulative time-dependent receiver operating characteristics (ROC) curves. Serum interferon-alpha (IFN-α) digital immunoassay, anti-
double stranded DNA (anti-dsDNA) antibodies by Farr assay and C3 levels were assessed at baseline (day 0). Systemic lupus erythematosus (SLE) 
patients in remission were followed for 1 year. Lupus flares were defined using the Safety of Estrogens in Lupus Erythematosus: National Assessment 
version of the Systemic Lupus Erythematosus Disease Activity Index Flare Index. Patients who had a flare in any organ system were recorded. The 
diagnostic performances of the baseline serum-IFN-α digital immunoassay (red line), Farr assay (blue line) and C3 (green line) to predict SLE flare 
were investigated by computing cumulative time-dependent ROC curves, with lupus flares serving as the gold standard for those analyses. The dashed 
line represents the upper and the lower 95% CI. The cumulative time-dependent ROC area under the curve estimated to predict a flare are given and 
were compared based on Uno et al.71

risk of flare in the following year, thus identifying a subgroup 
of patients in prolonged remission with less risk of relapse and 
for whom clinical monitoring can probably be lightened.

The sustained presence of IFN-α in serum of SLE patients in 
remission may have pathological consequences by itself. IFN-α 
overexpression could be an explanation of chronic fatigue, 
depression and reduction of sleep secondary to the stimu-
lation of the dopamine metabolism by IFN-α in the central 
neurological system.64–66 IFN-α plays also a prominent role in 
endothelial cell damage and up-regulation of the expression 
of scavenger receptors in monocyte and macrophages, leading 
to increased lipid uptake and foam cell formation, a process 
that may be at the origin of the accelerated atherosclerosis 
observed in SLE.67–69 These data suggest that for patients in 
clinical remission, return of serum IFN-α to normal values 
could become one of the objectives of the treatment.

Our study has some limitations. It unfortunately lacks data on 
patients’ ethnicity, which is known to bias serum IFN-α levels.55 
We also used a definition of remission and LLDAS in the absence 
of PGA that has not been assessed in our cohort. However, other 
teams have already adapted the definition of remission and 
LLDAS arguing that in the SLE Response Index, the SLEDAI is 
the variable with the highest impact on the definition of response 
and that, even without PGA, a modified definition of remission 
or LLDAS is still entirely valid.48 70 Finally, serum IFN-α concen-
trations were not assessed during the longitudinal part of the 

study and therefore information with respect to intra-individual 
variability of serum IFN-α levels over time is lacking. This aspect 
will be subject to further studies.

In conclusion, our data confirm that a large number of SLE 
patients in remission display elevated serum IFN-α concen-
trations, especially in the presence of anti-dsDNA and anti-
ribonucleoprotein Abs (ie, anti-Ro/SSA 60, anti-RNP), as 
well as young age. This overexpression is an independent 
predictive biomarker of lupus flare in the following year. 
Including serum IFN-α measurements in the routine labora-
tory assessments in patients in remission could help clinicians 
to identify a subgroup of SLE patients clinically in remission 
but who still overexpress IFN-α and are at higher risk of 
relapse. These data suggest that the return of normalcy of 
serum IFN-α could become one of the objectives of the treat-
ment. Our results are to be validated in other independent 
cohorts.
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Key messages

What is already known about this subject?
►► Autoantibody reference reagents improve 
comparability between laboratories using 
different assays.

►► The First International Standard for anti-double-
stranded DNA (dsDNA) is no longer available.

What does this study add?
►► This report describes the validation of 15/174, a 
new WHO Reference Reagent for anti-dsDNA.

How might this impact on clinical practice or 
future developments?

►► 15/174 can be used to align test methods 
quantifying anti-dsDNA.

Abstract
Introduction  Antibodies against double-stranded 
DNA (anti-dsDNA) are a specific biomarker for systemic 
lupus erythematosus (SLE). The first WHO International 
Standard (IS) for anti-dsDNA (established in 1985), 
which was used to assign units to diagnostic tests, was 
exhausted over a decade ago.
Methods  Plasma from a patient with SLE was first 
evaluated in 42 European laboratories. The plasma was 
thereafter used by the National Institute for Biological 
Standards and Control to prepare a candidate WHO 
reference preparation for lupus (anti-dsDNA) antibodies. 
That preparation, coded 15/174, was subjected to 
an international collaborative study, including 36 
laboratories from 17 countries.
Results  The plasma mainly contained anti-dsDNA, other 
anti-chromatin antibodies and anti-Ku. The international 
collaborative study showed that the field would benefit 
from 15/174 as a common reference reagent improving 
differences in performance between different assays. 
However, no statistically meaningful overall potency or 
assay parallelism and commutability could be shown.
Conclusion  15/174 cannot be considered equivalent to 
the first IS for anti-dsDNA (Wo/80) and was established 
as a WHO Reference Reagent for lupus (oligo-specific) 
anti-dsDNA antibodies with a nominal value of 100 
units/ampoule. This preparation is intended to be used 
to align test methods quantifying levels of anti-dsDNA 
antibodies.

INTRODUCTION
Antibodies against double-stranded DNA (anti-
dsDNA) are biomarkers for systemic lupus erythe-
matosus (SLE).1 2 As a result, measurement of 
anti-dsDNA is widely used as a diagnostic and prog-
nostic test for SLE, and there are a range of kits and 
tests available.3

The first WHO International Standard (IS) for 
anti-dsDNA denoted Wo/80 was established in 
1985 to assign International Units (IU) to diagnostic 
tests.4 Wo/80 was exhausted over a decade ago and 
requires replacement.

MATERIALS AND METHODS
Raw material characterisation by 42 European 
laboratories
Plasmapheresis plasma from a female patient with 
SLE diagnosed according to the 1997 classification 
criteria5 6 was evaluated blindly by 42 European 
laboratories in the European Consensus Finding 

Study Group on autoantibodies, a.k.a. the EULAR 
Autoantibody Study Group (https://www.​eular.​org/​
investigative_​rheumatology_​study_​groups.​cfm). 
Sampling was approved by the local Institutional 
Review Board, and the patient had given written 
informed consent.

Treatment of the candidate standard (15/174) 
and commutability samples (S1–S3)
2.4 L of plasma, evaluated above, and three patient 
samples with SLE coded 15/174, S1, S2 and S3, 
respectively, were thrombin-treated,7 clarified, 
0.5 mL filled into glass ampoules and lyophilised at 
the National Institute for Biological Standards and 
Control (NIBSC).7 8 Accelerated stability studies on 
15/174 showed a reduction in activity of 0.09%/
year at −20°C (online supplementary table S1).9

Participants and assays used in the international 
collaborative study
In an international collaborative study (36 labo-
ratories from 17 countries; online supplementary 
table S2), 15/174 was compared with local stan-
dards and S1–S3 to evaluate commutability. Each 
laboratory is referred to by an arbitrarily assigned 
number (1–36). For a laboratory performing more 
than one method, each method is treated as if 
performed by separate laboratories. A total of 26 
different methods were used (table 1). Participants 
were requested to contribute full dilution compar-
isons and content estimates of 15/174 with local 
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Table 1  Laboratory methods

Laboratory code Method

1,4,5,6,8,9,11,13,14,16,18,20.3, 
20.4,21,22,26,28,30,33,35,36

Crithidia luciliae immunofluorescence 
test (CLIFT)

Enzyme-linked immunosorbent assays (ELISA), chemiluminescence immunoassays 
(CIA) and fluoroenzyme immunoassays (FEIA)

 �2,4,6,7,10,11,22,23,25,28,30 Phadia EliA FEIA

 �3 Eurodiagnostica ELISA

 �9.2 Trinity Biotech Captia ELISA

 �9.3 Immco ELISA

 �12,17, 33 Orgentec ELISA

 �13 Immunoconcepts ELISA

 �14 Phadia Varelisa ELISA

 �16 In-house fluoroimmuno assay (binding 
ratio)

 �18.1 Theradiag ELISA

 �19, 29.4 Innova Quanta Flash CIA 701178

 �20.1 Euroimmun anti-dsDNA ELISA

 �20.2 Euroimmun anti-dsDNA NcX ELISA

 �26 Orgentec Alegria ELISA

 �27.2 Bio-Rad Kallestad EIA

 �27.3, 34.1 Bio-Rad ELISA

 �29.1 Inova Quanta Lite ELISA 708510

 �29.2 Inova Quanta Lite HA ELISA 704615

 �29.3 Inova Quanta Lite dsDNAC ELISA 704650

 � 31 Alpha Diagnostica ELISA

Addressable laser bead immunoassays

 �1, 8, 27.1, 32, 35 Bioplex 2200

 �18.2 Theradiag FIDIS dsDNA MX005

 �18.3, 21 Theradiag FIDIS Connective Profile 
MX117

 �24 Zeus Athena

Farr immunoassays

 �15 IBL International dsDNA Farr RIA

 �9.1, 34.2, 36 Trinity Farr RIA

standards, and assay replicate dilution series in duplicate. Three 
independent assays were requested, on separate days, with dilu-
tions from freshly reconstituted ampoules.

Study participants were recruited separately to the European 
and international studies and both were run independently of 
each other.

Statistical analyses
At NIBSC, estimates in IU/mL at each sample dilution as reported 
by participants were used directly in the analysis to calculate 
the potency of 15/174 and S1–S3. A geometric mean (GM) of 
results corrected for dilution was calculated for each sample 
in each assay run, excluding dilutions not on a linear section. 
Parallelism10 11 with standards supplied with commercial assay 
kits was concluded if a linear relationship with a fitted slope 
between 0.80 and 1.25 was observed for log estimated concen-
tration against log dilution. Outside this range, no calculated 
estimate relative to kit standard was reported. Where fewer than 
half of the assays performed by a laboratory gave valid results 
for a sample, no laboratory mean result is reported for that 
sample. GM was used to combine results from individual assays 
of 15/174 and S1–S3 for each laboratory.

Relative potencies for S1–S3 to 15/174 were calculated using 
a parallel-line model10 with log estimated concentration as assay 

response. Where the ratio of fitted slopes for the samples was 
outside 0.80 to 1.25, no relative potency was reported.

Results from all valid assay runs were combined to generate 
unweighted GMs for each laboratory and used to calculate 
overall unweighted GM potency estimates. Variability between 
laboratories has been expressed using geometric coefficients of 
variation (GCV = {10 s−1}×100% where s is the SD of the log10

transformed estimates). Outliers were defined as results more 
than (1.5 × IQR) higher than the upper quartile or (1.5 × IQR) 
lower than the lower quartile.

Patient involvement
There was no patient involvement in this study.

RESULTS
Characterisation of the raw material by 42 European 
laboratories
Homogeneous antinuclear antibody or AC-1 pattern was 
detected in all laboratories (figure 1A).5 All laboratories reported 
anti-dsDNA (figure 1B). Anti-histone antibodies were reported 
from 24/25, anti-nucleosome in 18/19 and anti-Ku by 18/18 
laboratories. Other autoantibodies were rarely reported (online 
supplementary table S3).

Assay validity for the international collaborative study
Individual assay estimates and instances of non-parallelism (with 
commercial kit standards or 15/174) are shown in online supple-
mentary table S4 (calculated from reported results) and online 
supplementary table S5 (calculated relative to 15/174 by parallel 
line analysis). A summary of the extent of non-parallelism is 
shown in table 2.

Statistically valid estimates for 15/174 in terms of commercial 
kit standards or for S1–S3 in terms of kit standards or relative to 
15/174 tended to be highly variable. Estimates of 15/174 against 
kit standards, for example, ranged from 56 IU/mL to a high of 
847 IU/mL, although most estimates fell in the 100–200 IU/mL 
range (figure 1C). Similar variability for S1–S3 was also observed 
(online supplementary figure S1A-J). Endpoint titres for the 
Crithidia luciliae immunofluorescence test (CLIFT) were also 
highly variable, ranging from 50 to 1000 for 15/174 (figure 1D 
and online supplementary figure S2A-C).

Intra-laboratory and inter-laboratory variability for the 
international collaborative study
Calculation of estimates in terms of a common candidate stan-
dard invariably produced a reduction in %GCV, most notice-
able for CLIFT results when comparing the estimates in terms of 
absolute titres with those obtained relative to 15/174 (table 2). 
For quantitative immunoassays, comparing estimates reported in 
terms of kit standards against those calculated in terms of 15/174 
showed reductions in %GCV for S1&S2, but not S3, based on 
results after exclusion of outliers (table 2).

DISCUSSION
In all laboratories and test methods, 15/174 exhibited anti-
dsDNA reactivity. In approximately half of the laboratories, the 
material behaved in an apparently similar way to local standards, 
and by inference to the first IS (Wo/80). In a similar number of 
laboratories, there was observable non-parallelism and no quan-
titative traceability to Wo/80 could be established. Moreover, 
across the entire study, it was not possible to establish commuta-
bility, as a consistent ranking order for the three patient samples 
was not obtained. In this context, it is important to mention that 
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Figure 1  Evaluation of SLE plasma subjected to a European study and anti-dsDNA levels for 15/174 from an international collaborative study. (A) 
Indirect immune fluorescence staining on HEp-2 cells using the raw material used to prepare 15/174. Photo Dr Stephan Regenass. (B) Distribution of 
test results for anti-dsDNA levels among the 42 European laboratories in relation to laboratory techniques used. Some laboratories performed more 
than one type of analysis. Levels were evaluated as negative, borderline, low, medium or high by the laboratories performing the analysis. (C) GM 
potency estimates (IU/mL) of 15/174 from the international collaborative study for statistically valid immunoassay results. (D) GM endpoint titres 
of 15/174 from the international collaborative study for the CLIFT. The numbers in the squares denote the laboratory codes. Each square represents 
the unweighted GM from the laboratory. ALBIA, addressable laser bead immunoassay; CLIFT, Crithidia luciliae immunofluorescent test; dsDNA, 
double-stranded DNA; ELISA, enzyme-linked immunosorbent assay; FEIA, fluoroenzyme immunoassay; GM, geometric mean; SLE, systemic lupus 
erythematosus.

Table 2  Overall results for the international collaborative study

Sample
Calculations from 
reported results Relative to 15/174

Percentage of labs with non-parallelism (n)*
 �15/174 33% (39) n/a
 �S1 38% (26) 14% (28)
 �S2 17% (23) 14% (28)
 �S3 22% (23) 18% (28)

CLIFT endpoint titre GM†/%GCV‡ (n)
 �S1 268/153 (10) 1.14/47 (10)
 �S2 266/143 (9) 1.03/46 (9)
 �S3 1376/259 (10) 5.84/88 (10)

Immunoassay potencies (IU/mL) GM/%GCV (n)
 �S1 200/123 (30) 1.32/86 (24)
 �S2 199/184 (27) 1.57/42 (20)
 �S3 1406/93 (27) 8.2/117 (23)

*(n): number of laboratories (when a laboratory performed more 
than one method, each method is treated as if performed by separate 
laboratories).
†GM: geometric mean (overall combined unweighted GM estimates).
‡%GCV: geometric coefficient of variation between laboratories.
CLIFT, Crithidia luciliae immunofluorescent test.

anti-dsDNA levels in S1 and S2 were very similar (table 2). It is 
also of interest to note that laboratories 18.2, 18.3 and 21 used 
high sensitivity addressable laser bead immunoassay kits and the 

higher potency results reported were probably due to detection 
of low affinity antibodies (figure  1C). However, as shown in 
table 2, alignment to 15/174 reduced variability and minimised 
batch-to-batch variability of a test kit, rather than obtaining an 
absolute value, should be considered most important in clinical 
diagnosis and monitoring disease progression and/or the effect 
of treatment over time.

The range of available anti-dsDNA assays has increased consid-
erably during the 30 years since Wo/80 was described.4 The 36 
laboratories participating in the collaborative study for 15/174 
all employed the assays routinely used to quantify anti-dsDNA 
in their routine clinical settings.8 This setting differs appreciably 
from the setup employed in the evaluation of Wo/80 when 
eight laboratories with special expertise in anti-dsDNA testing 
all obtained identical centrally prepared reagents and then 
performed CLIFT and Farr assays according to fixed protocols.

The first IS for anti-dsDNA, Wo/80, is exhausted and has been 
unavailable for more than a decade. Some methods included in 
this study can provide a historical linkage to the unitage assigned 
to Wo/80 through earlier calibration exercises, although many 
cannot, and none can be confirmed due to the unavailability 
of Wo/80. Thus, the typical replacement paradigm is not appli-
cable when introducing 15/174. Another problem in exchanging 
autoantibody standards based on patient’s samples is that the 
candidate replacement is unlikely to be identical to the original. 
This is particularly significant in the case of anti-dsDNA where 
autoantibody avidity might differ between patients. SLE sera 
also contain many different autoantibodies against a range of 
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antigens, including dsDNA. Although 15/174 cannot be regarded 
as monospecific for anti-dsDNA, we found the raw material for 
15/174 to be rather specific for anti-chromatin reactivities and 
antibodies against Ku, a DNA binding protein.12–14 It is known 
that different methods may detect different populations of anti-
dsDNA3 so there are discrepancies in antibody levels depending 
on the type of test when applied to individual patients.

Given the presumed different binding characteristics resulting 
in an apparent lack of comparability of this candidate standard 
with the previous IS, it is considered that it would be unwise to 
establish this material as a replacement IS, with a defined unitage 
in IU. Notwithstanding this discontinuity, this study showed that 
the field would benefit from the availability of an international 
reference reagent, and that the current situation, with manifest 
differences in performance between different assays supposedly 
measuring the same thing, would be improved. The preparation 
15/174 is intended to be used to align test methods quantifying 
levels of anti-dsDNA to a common standard.

Based on the results presented here, the WHO Expert 
Committee on Biological Standardisation endorsed prepara-
tion 15/174 as the WHO Reference Reagent for lupus (oligo-
specific) anti-dsDNA antibodies with a nominal potency of 100 
units per ampoule.15 The name intentionally emphasises the 
non-continuity with the first IS for anti-dsDNA. The Reference 
Reagent 15/174 is available from the NIBSC (https://www.​nibsc.​
org/​products/​brm_​product_​catalogue/​detail_​page.​aspx?​catid=​
15/​174).
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Key messages

What is already known about this subject?
►► The European Scleroderma Trial and Research 
(EUSTAR) group task force recently succeeded in 
constructing a revised activity index (AI).

►► The predictive value of EUSTAR-AI for disease 
severity accrual has not been evaluated.

What does this study add?
►► The adjusted mean EUSTAR-AI reliably captured 
all variations in disease activity during the 
observation period in patients with SSc and has 
the best predictive value for short-term disease 
progression and development of severe internal 
organ involvement over time.

How might this impact on clinical practice?
►► Identifying patients at risk has important 
implications for clinical care, because it helps 
the clinician in managing patients with SSc, 
monitoring disease state with rapid adjustments 
in treatment to prevent irreversible organ 
damage.

Abstract
Background  The European Scleroderma Trials 
and Research Group (EUSTAR) recently developed a 
preliminarily revised activity index (AI) that performed 
better than the European Scleroderma Study Group 
Activity Index (EScSG-AI) in systemic sclerosis (SSc).
Objective  To assess the predictive value for short-term 
disease severity accrual of the EUSTAR-AI, as compared 
with those of the EScSG-AI and of known adverse 
prognostic factors.
Methods  Patients with SSc from the EUSTAR database 
with a disease duration from the onset of the first non-
Raynaud sign/symptom ≤5 years and a baseline visit 
between 2003 and 2014 were first extracted. To capture 
the disease activity variations over time, EUSTAR-AI and 
EScSG-AI adjusted means were calculated. The primary 
outcome was disease progression defined as a Δ≥1 in 
the Medsger’s severity score and in distinct items at the 
2-year follow-up visit. Logistic regression analysis was 
carried out to identify predictive factors.
Results  549 patients were enrolled. At multivariate 
analysis, the EUSTAR-AI adjusted mean was the only 
predictor of any severity accrual and of that of lung and 
heart, skin and peripheral vascular disease over 2 years.
Conclusion  The adjusted mean EUSTAR-AI has the best 
predictive value for disease progression and development 
of severe organ involvement over time in SSc.

Introduction
Systemic sclerosis (SSc) is a multisystem auto-
immune disease with the highest case-specific 
mortality among rheumatic diseases.1 2 Predicting 
outcome and tailoring treatment and surveillance in 
patients with a potentially unfavourable evolution 
may improve quality of life and survival.3 In that 
regard, a number of adverse prognostic features 
as assessed at presentation and predictive of short-
ened survival have been identified.4–9 However, 
predicting severity accrual in the short term is still 
a poorly accomplished task. Recently, the Canadian 
Scleroderma Study Group has pointed out a role 
of the adjusted mean European Scleroderma Study 
Group Activity Index (EScSG-AI)10 in predicting 
internal organ involvement and disease progres-
sion in an early scleroderma cohort.11 Because of 

the limitation of the EScSG-AI (ie, high number of 
missing values and a cohort with a long-standing 
disease), in 2017, a European Scleroderma Trial and 
Research (EUSTAR) group task force succeeded in 
constructing a revised AI that performed better 
than the EScSG-AI in identifying patients with 
active disease.12

This study aimed to test the performance of 
the adjusted mean European Scleroderma Trial 
and Research Activity Index (EUSTAR-AI) in 
predicting patient disease course as compared with 
the EScSG-AI and to investigate the role on short-
term disease progression of other prognostic factors 
known to affect survival.

Patients and methods
Study design
The study was based on the analysis of the EUSTAR 
database in which clinical information on patient 
visits are recorded prospectively using standardised 
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Table 1  Epidemiological, serological and clinical features at 
baseline (n=549)

Sex, F/M 445/104

Age at entry in the registry, years, mean (SD) 51.9 (±13.6)

Age at Raynaud’s onset, years, mean (SD) 46.5 (±14.3)

Age at first non-Raynaud’s feature, years, mean (SD) 49.8 (±13.7)

ANA positive (n, %) 529 (96.3)

 � Anti-Scl-70 positive (n, %) 217 (39.5)

Anticentromere positive (n, %) 178 (32.4)

Anti-PmScl positive (n, %) 10 (1.8)

 �Anti-U1RNP positive (n, %) 10 (1.8)

 �Anti-RNA polymerase III positive (n, %) 10 (1.8)

 �Limited SSc (n, %) 370 (67.3)

 �Diffuse SSc (n, %) 179 (32.6)

ANA, antinuclear antibody; SSc, systemic sclerosis.

data collection forms. The database structure has been described 
previously.13 The whole EUSTAR data set, consisting of 14 755 
patients at the time of the data export (30 October 2017), was 
considered. Predictors with ≥50% missing values were not 
considered for inclusion (online supplementary table S1).

Patients classified with SSc according to American College of 
Rheumatology/European League Against Rheumatism classifi-
cation criteria,14 with a disease duration from the onset of the 
first non-Raynaud sign/symptom ≤5 years at first visit recorded 
and a baseline visit between 2003 and 2014 were first extracted. 
Patients were considered for the study if they presented the 
following predefined features: (1) availability of all the items 
included in the EScSG-AI and in the EUSTAR-AI at baseline and 
yearly for at least two consecutive years (within the first 2 years 
of observation and with a time frame between consecutive visits 
not exceeding 18 months); (2) availability of items included in 
the Medsger’s severity scale15 at entry and after 2 years of obser-
vation and (3) availability of vital status at the last observation.

Potentially predictive features
Disease activity
Disease activity was measured by EUSTAR-AI and EScSG-AI. To 
capture the disease activity variations over time, we calculated 
the EUSTAR-AI and EScSG-AI adjusted mean (see online supple-
mentary text).

Features predictive of shortened survival
We also investigated the predictive role in the short term of vari-
ables detectable at admission and reported to be predictive of the 
subsequent 5-year mortality4–9: age at disease onset, male sex, 
erythrocyte sedimentation rate (ESR) >25 mm/hour, haemo-
globin <12 g/L, anti-RNA polymerase III antibody positivity, 
tendon friction rubs, the presence of proteinuria (positive level 
of urine protein more than trace), baseline severity in any major 
organ/system.

Primary and secondary outcomes
Given the current lack of a validated SSc damage index,16 we 
selected as primary outcome the disease severity progres-
sion using the Medsger’s severity scale.15 In particular, disease 
progression was defined as accrual of a new (Δ≥1) severity score 
at the 2-year follow-up visit compared with the initial visit. The 
secondary outcome was the progression in any organ/system 
domains of the Medsger’s severity scale analysed separately, 
defined as an increase of at least one point in severity grade 
(Δ≥1).

Statistical analysis
Continuous variables are presented as the mean±SD if normally 
distributed or as median and quartiles if distribution was skewed. 
Comparisons were performed using the χ2 or Fisher’s test for 
categorical variables and using the Student’s test for continuous 
variables, as appropriate. To explore specific determinants of 
disease progression, logistic regression analysis was carried out. 
Analyses were performed with Medcalc software, V.15.4.

Results
Patients
A total of 549 patients with SSc were included in the analysis. 
The main epidemiological, serological and clinical features of 
the cohort at baseline are listed in table  1. There were 445 
(81%) women; mean age (SD) at entry was 51.9 (±13.6). One 
hundred and seventy-nine (32.6%) patients were classified as 

having diffuse SSc. During the observation period, most patients 
(55.2%) developed a progression of organ involvement, that is, 
Δ≥1 in any of the evaluated organ systems according to Meds-
ger’s severity scale, along the 2-year follow-up visit.

Univariate and multivariate logistic regression
At univariate analysis (online supplementary table S2), the 
adjusted mean EUSTAR-AI (OR 1.43, p<0.0001), the adjusted 
mean EScSG-AI (OR 1.41, p<0.0001), diffuse subset (OR 1.46, 
p=0.040), anti-Scl-70 antibodies positivity (OR 1.72, p=0.003), 
ESR >25 mm/hour at baseline (OR 1.58, p=0.04), age at disease 
onset (OR 1.01, p=0.01) predicted any increase in severity 
progression. No predictive role emerged for other baseline vari-
ables, that is, male gender, tendon friction rubs, anti-RNA poly-
merase III antibodies positivity, the presence of urine proteins, 
haemoglobin <12 g/L and general, gut, peripheral vascular, 
muscle, joint/tendon, skin, lung, heart and kidney involvement. 
At multivariate analysis (table 2), the adjusted mean EUSTAR-AI 
(OR 1.43; 95% CI 1.23 to 1.66) was the only covariate retained 
in the model for the prediction of disease progression. More-
over, the adjusted mean EUSTAR-AI predicted any increase ≥1 
in the severity score of skin, heart, lung and peripheral vascular 
system. However, activity indices were not able to predict 
general, kidney, muscle, gastrointestinal tract, joint/tendon 
severity accrual (table 2 and online supplementary table S2).

A subanalysis confirmed that the adjusted mean EUSTAR-AI 
was the best predictor of severity progression at 2-year follow-up 
visit in both diffuse and limited subsets (OR 1.28; 95% CI 1.05 
to 1,57, p=0.01 and OR 1.62; 95% CI 1.30 to 2.01, p<0.0001, 
respectively).

Discussion
SSc is a challenging disease to manage with significant damage 
accrual that occurs early in the disease course and results in end-
organ dysfunction and high mortality.17 18

A previous study has demonstrated that disease activity 
quantified by the adjusted mean EScSG-AI predicted the risk 
of disease progression in an early diffuse cutaneous SSc cohort 
over 3 years.11 In particular, in multivariate analysis, the adjusted 
mean EScSG-AI was the best predictor of progression of lung 
disease but did not play a significant role in the prediction of 
heart and renal disease severity. In the current study, we tried 
to assess the predictive validity of the 2017 EUSTAR-AI and to 
compare it with EScSG-AI. We demonstrated that the adjusted 
mean EUSTAR-AI had better predictive value for damage accrual 
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Table 2  Multivariate logistic regression analysis for organ severity accrual

Features OR (95% CI) Organ/system severity accrual P value z score

Adjusted mean EUSTAR-AI 1.43 (1.23 to 1.66) ΔMedsger’s severity score ≥1 0,002 9.49

Adjusted mean ESScG-AI 0.98(0.75 to 1.28) 0.92 0.007

Age 1.00 (0.99 to1.02) 0.32 0.95

ESR >25 1.01 (0.59 to 1.73) 0.95 0.003

Anti-Scl-70 Ab 1.51 (0.94 to2.44) 0.08 2.96

Subset diffuse 0.80 (0.48 to 1.31) 0.38 0.76

Adjusted mean EUSTAR-AI 1.23 (1.06 to 1.42) ΔLung severity score ≥1 0.006 7.45

Adjusted mean ESScG-AI 1.09 (0.83 to 1.43) 0.11 0.44

Basal lung severity 0.57 (0.35 to 0.92) 0.01 0,006

Anti-Scl-70 Ab 1.27(0.75 to 2.15) 0.35 0.84

Subset diffuse 0.79 (0.46 to 1.36) 0.40 0.69

Adjusted mean EUSTAR-AI 1.96(1.10 to 3.50) ΔHeart severity score ≥1 0.02 5.20

Adjusted mean ESScG-AI 0.52 (0.24 to 1.12) 0.09 2.75

Age 1.02 (0.98 to 1.07) 0.26 1.24

RNA polymerase III Ab 5.56 (0.65 to 6.98) 0.11 2.48

Subset diffuse 0.24 (0.04 to 1.42) 0.11 2.45

Basal vascular severity 1.08 (0.28 to 4.16) 0.90 0.01

Basal joint severity 2.71 (0.69 to 10.70) 0.15 2.04

Basal lung severity 1.04 (0.26 to 4.01) 0.95 3

Adjusted mean EUSTAR-AI 1.48 (1.21to1.82) ΔSkin severity score ≥1 0,0002 14.29

Age 0.97 (0.95 to 0.99) 0.003 4.40

Baseline skin severity 0.21 (0.09 to 0.47) 0.0002 14.27

Adjusted mean ESScG-AI 1.34 (0.90 to 2.00) 0.13 2.17

Anti-Scl-70 Ab 2.16 (0.85 to 5.50) 0.10 2.65

Adjusted mean EUSTAR-AI 1.31 (1.13 to 1.52) ΔPeripheral vascular severity 
score ≥1

0.0002 5.18

Adjusted mean ESScG-AI 1.02 (0.76 to 1.37) 0.87 0.02

Basal lung severity 1.94 (1.03 to 3.64) 0.03 4.26

Basal vascular severity 0.23 (0.13 to 0.39) <0.0001 29.61

Anti-Scl-70 Ab 1.46 (0.75 to 2.48) 0.26 1.24

Subset diffuse 1.36 (0.74 to 2.48) 0.30 1.02

Adjusted mean EUSTAR-AI 0.86 (0.45 to 1.64) ΔMuscle severity score ≥1 0.66 0.19

Adjusted mean ESScG-AI 1.49 (0.66 to 3.34) 0.33 0.94

Subset diffuse 0.69 (0.12 to 3.81) 0.67 0.17

RNA polymerase III Ab 8.32 (1.21 to 6.88) 0.03 4.66

Adjusted mean EUSTAR-AI 1.21 (0.15 to 9.32) ΔKidney severity score ≥1 0.85 0.03

Adjusted mean ESScG-AI 1.24 (0.19 to 7.89) 0.59 0.28

Adjusted mean EUSTAR-AI 1.20 (0.40 to 3.53) ΔGI tract severity score ≥1 0.73 0.11

Adjusted mean ESScG-AI 1.37 (0.32 to 5.76) 0.66 0.18

ESR, erythrocyte sedimentation rate; ESScG-AI, European Scleroderma Study Group Activity Index; EUSTAR-AI, European Scleroderma Trials and Research Group Activity Index; GI, 
gastrointestinal.

and development of severe internal organ involvement over 2 
years as compared with EScSG-AI. In particular, the adjusted 
mean EUSTAR-AI predicted the development of a higher total 
severity score and in the following distinct severity domains: 
heart, peripheral vascular, skin and lung. A protective role of 
baseline skin severity grade ≥1 was pointed out but is likely to 
depend on the natural disease course characterised by skin scle-
rosis reaching its maximal grade in the early 2–3 years.19

Nevskaya et al11 did not investigate the role on short-time 
severity accrual of baseline features demonstrated to predict 
mortality in SSc, as ESR >25 mm/hour, tendon friction rubs, 
anti-RNA polymerase III antibodies positivity, the presence of 
urine proteins, haemoglobin <12 g/L, diffuse subset and internal 
organ involvement.4–9 We failed to point out any role of these 
features. These data suggest that variables predicting survival in 

the medium - long term differ from those associated with disease 
deterioration in the short period.

Our study has some limitations. First, we were not able to 
assess damage accrual and we measured disease severity as 
primary outcome, which might reflect both activity and damage. 
Second, data were obtained from scleroderma tertiary centres, 
meaning that we might fail to include patients with milder disease 
who are not referred. Nevertheless, a EUSTAR-AI predictive role 
of organ/system severity accrual in the short term has emerged, 
indicating that measuring this parameter can help the clinician in 
adjusting treatment in such time frame.
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Key messages

What is already known about this subject?
►► Many current model systems of skin fibrosis 
are of limited predictive value as they rely 
either on phylogenetically distant species or 
oversimplified culture conditions that deprive 
the cells of a three-dimensional matrix and of 
interactions with other cell types.

►► These limitations provide major challenges to 
preclinical development and may contribute to 
the significant rate of negative clinical trials in 
systemic sclerosis (SSc).

What does this study add?
►► We describe vascularised skin equivalents 
as an advanced model of human skin with 
a fully polarised epidermal layer, a stratified 
dermis and a functional vascular system with 
physiological perfusion pressures.

►► Human skin equivalents can be induced to 
undergo fibrotic transformation and resemble 
key features of SSc skin with accumulation of 
extracellular matrix, fibroblast to myofibroblast 
transition and aberrant activation of 
transforming growth factor-β (TGFβ) signalling.

►► Vascularised skin equivalents can predict 
response to antifibrotic therapies as shown 
by inhibition of fibroblast activation and of 
extracellular matrix deposition in response to 
nintedanib.

How might this impact on clinical practice or 
future developments?

►► Vascularised skin equivalents may serve as 
a novel model to better mimic the complex 
interplay of different cells in fibrotic skin and 
may also provide a platform for the evaluation 
of antifibrotic drugs in a pathophysiologically 
relevant human setting with improved 
predictive value.

Abstract
Objectives  Fibrosis is a complex pathophysiological 
process involving interplay between multiple cell types. 
Experimental modelling of fibrosis is essential for the 
understanding of its pathogenesis and for testing of 
putative antifibrotic drugs. However, most current models 
employ either phylogenetically distant species or rely on 
human cells cultured in an artificial environment. Here 
we evaluated the potential of vascularised in vitro human 
skin equivalents as a novel model of skin fibrosis and a 
platform for the evaluation of antifibrotic drugs.
Methods  Skin equivalents were assembled on a 
three-dimensional extracellular matrix by sequential 
seeding of endothelial cells, fibroblasts and keratinocytes. 
Fibrotic transformation on exposure to transforming 
growth factor-β (TGFβ) and response to treatment with 
nintedanib as an established antifibrotic agent were 
evaluated by quantitative polymerase chain reaction 
(qPCR), capillary Western immunoassay, immunostaining 
and histology.
Results  Skin equivalents perfused at a physiological 
pressure formed a mature, polarised epidermis, a 
stratified dermis and a functional vessel system. 
Exposure of these models to TGFβ recapitulated key 
features of SSc skin with activation of TGFβ pathways, 
fibroblast to myofibroblast transition, increased release 
of collagen and excessive deposition of extracellular 
matrix. Treatment with the antifibrotic agent nintedanib 
ameliorated this fibrotic transformation.
Conclusion  Our data provide evidence that 
vascularised skin equivalents can replicate key features of 
fibrotic skin and may serve as a platform for evaluation 
of antifibrotic drugs in a pathophysiologically relevant 
human setting.

Introduction
Fibrotic disorders such as systemic sclerosis (SSc) 
are complex multifactorial diseases that develop 
as interplay of different cell types with each other 
and with their local microenvironment.1 Preclin-
ical model systems are essential to improve our 
understanding of the underlying pathophysiology 
of fibrotic diseases and to test novel therapeutic 
approaches. The most frequent approaches are 
simulating fibrotic conditions either in vitro with 
human cell culture systems or in vivo with mouse 
models. Most of the current cell culture systems 

are two dimensional (2D), where cells are cultured 
on stiff, flat plastic surfaces.2 Although studies in 
2D cell culture systems have provided important 
insights into cellular responses of individual 
cell types to defined stimuli, they have several 
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Figure 1  Assembly of the vascularised human skin equivalent and characterisation of the optimised bioreactor system. (A) Schematic overview 
of the generation of the human skin equivalent and its conversion to fibrotic skin. (B–D): Schematic representation of the optimised bioreactor and 
its contents (B, C), with the matrix at a 15° angle (D). (E) Picture illustrating the bioreactor contents: the human skin equivalent with cannulated 
supplying artery (red cannula) and vein (green cannula) connected to the perfusion system. (F) Picture illustrating the perfusion system and the 
bioreactor containing the human skin equivalent. (G) Pressure curves measured at the arterial end of the human skin equivalent (blue) following the 
set values (red) and resembling the physiological human systemic blood pressure. AI,arterial BB,bioreactor body; L, lid; LF, lowerframe; MR, medium 
reservoir; PF, pressurebalance flask; PP, peristaltic pump; SE, skin equivalent; TGFβ, transforming growth factor-β; UF, upper frame; VO, venous outlet.

important limitations: they cannot mimic (patho)physiologically 
relevant cell–matrix interactions, interactions between different 
cell types, presence of nutrient gradients and signalling pathways 
related to these processes.3–5 Moreover, culture of adherent cell 
types on plastic surfaces exposes them to an unphysiologically 
stiff environment, which alters central cellular responses such as 
response to cytokines, organisation of the cytoskeleton, migra-
tion and proliferation.6 7 Cellular responses in 2D culture models 
may thus not always reliably predict the pathological processes 
in fibrotic tissues. Mouse models overcome several of these 
limitations, such as lack of cell–cell and cell–matrix interactions, 
absence of gradients and excessive tissue stiffness, but contain 
other potential pitfalls. There are many differences between 
murine and human immune systems—dendritic epidermal T 
cells, for example, are only found in mouse.8 9 Moreover, not 
all pathways are conserved between mice and men and indi-
vidual molecules may exert different functions in those signal-
ling cascades.10 Pathophysiological studies and preclinical test 
programmes for novel antifibrotic approaches may thus benefit 
from novel in vitro test systems with primary human cells to 
overcome some of the limitations of conventional 2D cell culture 
systems and mouse models.

Here, we report an in vitro test system for skin fibrosis, 
generated by adapting a previously described vascularised skin 
equivalent.11 This model employs primary human fibroblasts, 
keratinocytes and endothelial cells that resemble all functional 
skin layers affected by fibrosis in a three-dimensional (3D) 
environment and provides a functional vascular system with 

physiological perfusion. We demonstrate that this engineered 
human skin equivalent can be converted into fibrotic skin by 
exposure to transforming growth factor-β (TGFβ). The induc-
tion of fibrosis is prevented by nintedanib, demonstrating that 
this model is a suitable test system for candidate antifibrotic 
drugs. This vascularised in vitro human skin equivalent may thus 
be an interesting addition to the arsenal of preclinical models of 
skin fibrosis.

Materials and methods
Materials and methods are described in the online supplemen-
tary information file.

Results
Vascularised human skin equivalents reproduce main 
characteristics of human skin relevant for the pathogenesis 
of skin fibrosis
We generated vascularised human skin equivalent models and 
evaluated their suitability as a test system for generation and 
prevention of skin fibrosis by exposing them to TGFβ and/or 
nintedanib (figure 1A).11

For this, we refined a previously described bioreactor design 
to ensure higher reproducibility and throughput. We modified 
the bioreactor body from a round to a rectangular shape, while 
adapting its inner dimensions to allow easy access to the cannulas 
of the artery and vein of the skin equivalent during culture 
(figure  1B,C,E). Thepolydimethylsiloxane (PDMS) lid of the 
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Figure 2  Systematic evaluation of TGFβ signalling in vascularised human skin equivalent models. (A) Activation of Smad signalling as shown 
by immunofluorescence staining for pSMAD3 (green) and costaining with prolyl-4-hydroxylase-β (red) and DAPI (blue), at 600-fold magnification 
(scale bars=25 µm). Quantification of pSMAD3 signal intensity and HE stainings (200-fold magnification, scale bars=100 µm) is included. (B) mRNA 
levels of the prototypical TGFβ/SMAD target genes PAI-1 and Smad7. (C) mRNA levels of ACTA2 (which encodes for αSMA). (D) Quantification of 
myofibroblast counts and representative α-SMA stainings counterstained with haematoxylin at 1000-fold magnification (scale bars=20 µm). α-SMA, 
α-smooth muscle actin; DAPI, 4′,6-diamidino-2-phenylindole; TGFβ,transforming growth factor-β.

bioreactor provided a tight sealing while allowing direct macro-
scopic inspection of the skin model and its vessels during culture, 
which permits rapid detection of technical problems (figure 1C). 
Furthermore, we introduced an angled orientation of the skin 
equivalent to prevent entrapment of air bubbles underneath the 
matrix that would lead to uneven medium supply (figure 1D).

Perfusion at the arterial end was ensured by connecting 
the bioreactor system containing the skin models to a fluidic 
circuit; a peristaltic pump and a pressure sensor ensured pres-
sure generation and control that resemble the physiological 
systemic blood pressure (figure 1F,G).

After 1 month of in vitro culture, the microscopic structure 
of the vascularised skin equivalent resembled that of human 
skin (online supplementary figure 1A). The keratinocytes had 
fully differentiated to form a polarised human epidermis with 
physiological location of cytokeratin-14 in the basal layer 
and cytokeratin-10 in the suprabasal layers and presence of a 
corneous layer (online supplementary figure 1B). Laminin-5 
staining demonstrated that the epidermis is separated from 
the underlying dermis by a continuous basal membrane in our 
model as it is in human skin (online supplementary figure 1B). 
Fibroblasts migrated in the scaffold and distributed uniformly 
to form a dermal equivalent, while the superficial fibroblasts 
remain in close proximity to the epidermis.

Endothelial cells lined the pre-existent vessel structures, 
as shown by the positive staining for CD31 in the dermis 
(online supplementary figure 1C). Fibroblasts identified as 
vimentin-positive or P4Hβ-positive cells migrated in close 
proximity to the endothelial cells, facilitating interactions 
(online supplementary figure 1C). The vessel density in skin 
equivalent models, although lower than in human skin from 

healthy donors, was similar to the density in skin from patients 
with SSc (online supplementary figure 2). Podoplanin-positive 
lymphatic endothelial cells formed lymphatic vessels in vascu-
larised skin equivalents that persisted until the end of the 
experiment (online supplementary figure 3).

Exposure to TGFβ induces fibroblast to myofibroblast 
transition and deposition of extracellular matrix (ECM) in 
vascularised human skin equivalents
Aberrant TGFβ signalling is both sufficient and required to 
induce fibrosis in various organs including skin.12 We thus evalu-
ated whether exposure to pathophysiologically relevant concen-
trations of TGFβ would convert normal skin equivalents to 
fibrotic skin equivalents.

We first aimed to confirm that incubation with TGFβ acti-
vates the transcription of common downstream targets of TGFβ. 
Indeed, we observed increased phosphorylation and nuclear 
translocation of Smad3 in P4Hβ-positive cells in the dermis of 
vascularised human skin equivalents (figure 2A). Moreover, the 
TGF-β target genes PAI1 and SMAD7 were upregulated in tissue 
homogenates from fibrotic skin equivalents as compared with 
the control (figure 2B).

We further analysed fibroblast to myofibroblast transition in 
the vascularised skin models exposed to TGFβ. The mRNA levels 
of ACTA2 and the number of α-smooth muscle actin (α-SMA)-
positive cells were significantly higher in the TGFβ-stimulated 
skin equivalents than in controls (figure 2C,D), thus reproducing 
the activated state of fibroblasts observed in fibrotic skin.13

We next investigated the deposition of ECM components in 
TGFβ-exposed human skin equivalents. The mRNA levels of 
COL1A1, COL1A2 and fibronectin were significantly increased 
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Figure 3  Fibrotic remodelling of the vascularised human skin equivalent in response to TGFβ. (A) Upregulation of the mRNA levels of COL1A1, 
COL1A2 and fibronectin as major ECM proteins in the skin. (B) Representative western blot for type I collagen, with β-actin as housekeeping gene. 
Chemiluminescence versus molecular weight plots and quantification are included. (C) Immunofluorescence stainings of dermatan sulfate to identify 
human type I collagen in the vascularised human skin equivalent, at 1000-fold magnification (scale bars=20 µm), counterstained with DAPI. HE 
stainings (200-fold magnification, scale bars=100 µm) and quantification of collagen type I signal colocalising with dermatan sulfate are included. 
DAPI, 4′,6-diamidino-2-phenylindole; ECM, extracellular matrix; TGFβ,transforming growth factor-β.

in the TGFβ-stimulated skin equivalents (figure 3A). Moreover, 
the levels of type 1 collagen protein, evaluated by capillary 
Western immunoassay, were highly upregulated in the TGFβ-ex-
posed human skin equivalent (figure 3B).

However, all antibodies directed against collagen type 1 that 
we tested could not reliably discriminate between human (newly 
synthesised) and porcine (pre-existent) collagen, since collagen 
type 1 protein is evolutionarily highly conserved (data not shown). 
To identify the newly synthesised collagen type 1 and determine its 
relative contribution to the collagen levels in the two experimental 
conditions, we used an indirect approach. Dermatan sulfate was 
previously shown to be an excellent surrogate readout for de novo 
deposition of type 1 collagen, due to its association with newly 
formed collagen fibrils and its absence from the matrices.14 We 
confirmed the specificity of this approach in our setting by showing 
with immunofluorescence staining that collagen type 1 of porcine 
origin could be detected in the acellular matrix by western blot, 
while the dermatan sulfate signal was absent (online supplementary 
figure 4). The dermatan sulfate and collagen type I double positive 
signal highlighted the organisation of newly synthesised collagen as 
prominent fibres in the TGFβ group, whereas in the control group 
double positive signals were minimal. The intensity of collagen 
type I signal colocalising with dermatan sulfate was much stronger 
in the TGFβ group than in control, proving the increased de novo 
synthesis and deposition of collagen in TGFβ-exposed skin equiv-
alents (figure 3C).

Nintedanib ameliorates fibrosis in the vascularised human 
skin equivalent
To evaluate its potential use as a platform to test candidate antifi-
brotic drugs, we analysed whether TGFβ-induced fibrosis could 

be reduced by treatment with nintedanib, a multiple tyrosine 
kinases inhibitor with proven antifibrotic effects.15–17

We first evaluated whether nintedanib can inhibit TGFβ down-
stream signalling and TGFβ-induced fibroblast to myofibroblast 
transition. In the dermis of TGFβ-exposed, nintedanib-treated 
skin equivalents, phosphorylation and nuclear translocation of 
Smad3 in P4Hβ-positive cells was decreased, and the TGF-β 
target genes PAI1 and SMAD7 were downregulated as compared 
with TGFβ-stimulated and untreated skin models (figure 4A,B). 
Nintedanib treatment also inhibited the TGFβ-induced upreg-
ulation of ACTA2 mRNA levels and led to lower numbers of 
α-SMA-positive cells (figure 4C,D).

We subsequently analysed the deposition of ECM components 
in TGFβ-exposed, nintedanib-treated skin models in comparison 
with stimulated and vehicle-treated equivalents. TGFβ-induced 
upregulation of COL1A1, COL1A2 and fibronectin mRNA levels 
and total collagen type I protein were significantly decreased by 
nintedanib treatment (figure  5A,B). In the TGFβ-stimulated, 
nintedanib-treated group, the signal intensity of newly synthe-
sised collagen was reduced in comparison to the TGFβ-stimu-
lated, vehicle-treated group (figure 5C).

Discussion
Vascularised human skin equivalents resemble key features 
of human skin. The keratinocytes in the epidermal layer are 
polarised, and dermis and epidermis are separated by a basal 
membrane. Fibroblasts are located as single cells in the dermal 
layer, embedded into a physiological matrix. Endothelial cells 
form a functional, perfused vascular network comprising both 
blood and lymphatic vessels. This model thus includes all major 
resident cell types of human skin in typical topographic order 

https://dx.doi.org/10.1136/annrheumdis-2019-216108
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Figure 4  Inhibition of TGFβ signalling by nintedanib treatment in vascularised skin equivalent models. (A) Decreased activation of TGFβ-induced 
SMAD signalling on nintedanib treatment as shown by immunofluorescence staining for pSMAD3 (green) and costaining with prolyl-4-hydroxylase-β 
(red) and DAPI (blue), at 600-fold magnification (scale bars=25 µm). Quantification of pSMAD3 signal intensity and HE stainings (200-fold 
magnification, scale bars=100 µm) is included. (B) mRNA levels of the prototypical TGFβ/SMAD target genes PAI-1 and Smad7. (C) mRNA levels of 
ACTA2 (which encodes for α-SMA). (D) Quantification of myofibroblast counts and representative α-SMA stainings counterstained with haematoxylin 
at 1000-fold magnification (scale bars=20 µm). α-SMA, α-smooth muscle actin; DAPI, 4′,6-diamidino-2-phenylindole;TGFβ,transforming growth 
factor-β.

Figure 5  Antifibrotic effects of nintedanib treatment in vascularised skin equivalent models. (A) Inhibition of TGFβ-induced upregulation of COL1A1, 
COL1A2 and fibronectin mRNA levels by nintedanib treatment. (B) Representative western blot for type I collagen, with β-actin as housekeeping 
gene. Chemiluminescence versus molecular weight plots and quantification are included. (C) Immunofluorescence stainings of dermatan sulfate to 
identify human type I collagen in the vascularised human skin equivalent, at 1000-fold magnification (scale bars=20 µm), counterstained with DAPI. 
HE stainings (200-fold magnification, scale bars=100 µm) and quantification of collagen type I signal colocalising with dermatan sulfate are included. 
DAPI, 4′,6-diamidino-2-phenylindole; TGFβ,transforming growth factor-β.

http://ard.bmj.com/
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and enables studies of interactions between fibroblasts, endo-
thelial cells and keratinocytes. The interplay between these cell 
types is a critical feature of fibrotic skin diseases like SSc. Kerat-
inocytes are a major source of proinflammatory and profibrotic 
cytokines in SSc, such as interleukin (IL)-1α, IL-6, connective 
tissue growth factor (CTGF), oncostatin M and vascular endo-
thelial growth factor (VEGF), and are involved in bidirectional 
double paracrine signalling with fibroblasts, thereby promoting 
fibroblast activation.18–21 Endothelial cells are thought to be the 
primary site of injury in SSc and modulate fibroblast activation 
by release of factors such as endothelin 1 and nitric oxide. More-
over, endothelial cells can undergo endothelial to mesenchymal 
transition to acquire a myofibroblast phenotype and may thus 
directly contribute to matrix deposition.22 Such interactions can 
be reproduced in vascularised skin equivalents.

We demonstrate that exposure to TGFβ induces fibrotic trans-
formation of vascularised skin equivalents. Stimulation with 
TGFβ induces activation of classical profibrotic downstream 
mediators such as SMAD signalling and transcription of proto-
typical target genes. This promotes fibroblast to myofibroblast 
transition and ECM deposition in vascularised skin equivalents, 
key features of fibrotic skin in SSc.23 24 Fibroblasts in vascular-
ised skin equivalents can therefore acquire an activated pheno-
type that reproduces their aberrant activation in SSc skin.

Of particular interest, we provide first evidence that vascu-
larised skin equivalents can serve as a platform for the evalua-
tion of antifibrotic drugs. We used nintedanib for formal proof, 
as nintedanib is the first targeted antifibrotic drug that awaits 
approval in SSc.15–17 Treatment with nintedanib in a pharmaco-
logically relevant dose exerted antifibrotic effects in vascularised 
human skin equivalents: nintedanib attenuated TGFβ signalling, 
reduced fibroblast to myofibroblast transition and decreased 
ECM deposition.

A potential alternative approach to the generation of vascu-
larised skin equivalents from mature cell types as in our current 
study is the use of induced pluripotent stem cells (iPSCs). iPSCs 
can be rapidly expanded and can subsequently differentiated 
with specific protocols into the individual cell types found in 
human skin.25–30

Although vascularised human skin equivalents may offer 
novel opportunities for translational studies and drug testing, 
the model also has important limitations: (1) The generation of 
vascularised skin equivalents requires specific equipment such 
as an incubator with adjustable perfusion pressure, bioreactors 
and specific material such as decellularised porcine intestinal 
matrices. Since adjustable perfusion pressure is an essential 
feature of this model, the custom incubator is indispensable; 
however, matrices generated by 3D bioprinters are currently 
evaluated as alternatives to decellularised porcine matrices and 
may eventually overcome the need for them.31 (2) Generation of 
vascularised skin equivalents is work and time intensive, which 
limits the potential for high-throughput drug screening. They 
thus serve as confirmatory rather than as screening models. (3) 
Our current version of the model aims to analyse the interac-
tion of resident cells in the skin, but omits circulating cells such 
as leucocytes. However, peripheral blood mononuclear cells or 
selected leucocyte populations of interest can be added to the 
circulation of vascularised skin equivalents to study crosstalk 
between resident cells and circulating inflammatory cells. Exper-
iments to study the efflux of circulating leucocytes into vascular-
ised skin equivalents are currently in preparation.

Aside from vascularised skin equivalents, alternative in vitro 
approaches to mimic the complex interaction in human skin 
and model skin fibrosis are currently developed. Most of them 

are lacking a functional vascular system.32 Given the impor-
tance of vascular cells in the pathogenesis of SSc, this may be 
an important limitation. Full-thickness skin models are 3D cell 
cultures that have an epidermal and a dermal component and 
reproduce the interaction between fibroblasts and keratino-
cytes. Such 3D models composed exclusively of fibroblasts and 
keratinocytes have been successfully used to study skin pathol-
ogies including fibrosis.33 34 Modifications of this approach that 
include monocytes as other pathophysiologically relevant cell 
types have recently been described.35

In skin-on-chip models, selected skin cells are cultured 
in a 3D microsystem. These chips can theoretically repro-
duce physiological structures of different complexities up to 
multiorgan-on-chip.36 Some of these systems include perfusion 
of a microfluidic channel lined by endothelial cells. However, 
even in these more complex skin-on-chip models, a microvas-
cular network is lacking, thereby minimising crosstalk between 
endothelial cells and fibroblasts, and the physiological undu-
lation of blood perfusion pressure cannot be reproduced.37 38

Another alternative approach to in vitro generated skin models 
is the ex vivo culture of skin samples. In this approach, human 
skin samples are taken into culture directly after the biopsies 
have been obtained. A major advantage of this approach is that 
all the cellular components including immune cells and skin 
structures including vessels and skin appendages are preserved 
in their native form.39–41 However, the biopsies can only be kept 
for short period in culture, before cells lose their phenotype and 
undergo apoptosis. Moreover, experimental manipulation such 
as knockdown is challenging in this setting. In addition, stan-
dardised access to human skin samples is limited, often disabling 
systematic larger scale studies.

We describe herein a novel human in vitro model of skin 
fibrosis. Decisive features of these vascularised skin equivalents 
include a functional vascular perfusion system; interaction with 
a physiological matrix; crosstalk between the major resident cells 
of human skin, such as fibroblasts, keratinocytes and endothe-
lial cells; and the option to further expand cellular interactions 
by the addition of leucocytes. Vascularised skin equivalents thus 
resemble many of the key features of fibrotic skin and may not 
only provide novel pathophysiological insights but also serve as 
an advanced platform for drug testing.
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Key messages

What is already known about this subject?
►► Non-industrial societies worldwide are 
experiencing rapid lifestyle changes that 
promote chronic positive energy balance, 
but the impact of such changes on knee 
osteoarthritis risk is unknown.

What does this study add?
►► Based on data from Tarahumara subsistence 
farmers in Mexico, we propose that individuals 
in non-industrial societies undergoing an energy 
balance transition have a heightened sensitively 
to knee osteoarthritis.

►► Specifically, individuals born under conditions 
of energetic scarcity who later encounter 
greater energy abundance are predisposed to 
accumulate abdominal adipose tissue, making 
them susceptible to knee osteoarthritis at lower 
levels of body mass index.

How might this impact on clinical practice or 
future developments?

►► Our findings suggest that the burden of knee 
osteoarthritis among non-industrial societies 
undergoing lifestyle changes is likely greater 
than realised and warrants increased attention.

Abstract
Non-industrial societies with low energy balance levels 
are expected to be less vulnerable than industrial 
societies to diseases associated with obesity including 
knee osteoarthritis. However, as non-industrial societies 
undergo rapid lifestyle changes that promote positive 
energy balance, individuals whose metabolisms 
are adapted to energetic scarcity are encountering 
greater energy abundance, increasing their propensity 
to accumulate abdominal adipose tissue and thus 
potentially their sensitivity to obesity-related diseases.
Objectives  Here, we propose that knee osteoarthritis is 
one such disease for which susceptibility is amplified by 
this energy balance transition.
Methods  Support for our hypothesis comes from 
comparisons of knee radiographs, knee pain and 
anthropometry among men aged ≥40 years in two 
populations: Tarahumara subsistence farmers in Mexico 
undergoing the energy balance transition and urban 
Americans from Framingham, Massachusetts.
Results  We show that despite having markedly lower 
obesity levels than the Americans, the Tarahumara 
appear predisposed to accrue greater abdominal 
adiposity (ie, larger abdomens) for a given body 
weight, and are more vulnerable to radiographic and 
symptomatic knee osteoarthritis at lower levels of body 
mass index. Also, proportionate increases in abdomen 
size in the two groups are associated with greater 
increases in radiographic knee osteoarthritis risk among 
the Tarahumara than the Americans, implying that the 
abdominal adipose tissue of the Tarahumara is a more 
potent stimulus for knee degeneration.
Conclusions  Heightened vulnerability to knee 
osteoarthritis among non-industrial societies 
experiencing rapid lifestyle changes is a concern 
that warrants further investigation since such groups 
represent a large but understudied fraction of the global 
population.

Introduction
Knee osteoarthritis (OA) is a major public health 
concern in developed and newly industrialised 
countries,1 yet relatively little is known about 
the disease’s prevalence in non-industrial soci-
eties including hunter-gatherers and subsistence 
farmers.2 Although risk of knee OA is influenced 
by numerous factors including age, sex and certain 
genes, multiple lines of evidence indicate that the 

high burden of the disease in industrialised nations 
is due in large part to the obesity epidemic.3 Obesity, 
defined as having a body mass index (BMI) of 30 kg/
m2 or higher, has the potential to contribute to 
knee OA pathogenesis by promoting chronic low-
grade systemic inflammation, mechanically induced 
damage to joint tissues and local inflammation 
secondary to this damage, all of which may interact 
to weaken and degrade joint tissues.3 Thus, popu-
lations with a relatively low prevalence of obesity, 
as has been reported for many non-industrial soci-
eties,4 5 might be expected to exhibit proportion-
ately low levels of knee OA.

In recent decades, however, non-industrial popu-
lations worldwide have been experiencing varying 
degrees of lifestyle change, including an energy 
balance transition characterised by shifts in diet and 
physical activity that have led to increases in BMI.6 7 
Moreover, studies of groups undergoing this energy 
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Figure 1  Tarahumara subsistence farming. Top, left: clearing a field with a machete. Top, right: tilling a field with a donkey-drawn plough. Bottom, 
left: weeding a field by hand. Bottom, right: carrying harvested stalks of chia. Photos by David Ramos and used here with permission.

balance transition have frequently documented a heightened 
sensitivity to obesity-related diseases for a given BMI relative to 
individuals in developed countries.8 9 The mechanisms under-
lying this amplified disease risk are complex and not fully under-
stood, but early-life environmental conditions play an important 
role.10 11 Early development in energy-limited environments 
adapts individuals’ metabolic phenotype to conditions of ener-
getic scarcity, which may be beneficial in terms of short-term 
survival but potentially comes at the cost of increased suscepti-
bility to metabolic dysregulation later in life if energy becomes 
more abundant.12 13 As a result of this ‘thrifty phenotype’,14 
numerous populations undergoing the energy balance transition 
are experiencing rapidly rising rates of cardiometabolic disor-
ders such as type 2 diabetes, hypertension and coronary heart 
disease,15 16 all of which are often comorbid with knee OA,3 
implying that the threat of knee OA in non-industrial societies 
could be higher than perhaps expected.

Among the most salient characteristics of the metabolic pheno-
type of individuals born in energy-limited environments but later 
exposed to greater energy abundance is a propensity to pref-
erentially accumulate and maintain visceral adipose tissue,17 18 
typically resulting in a relatively large abdomen circumference 
for a given body weight.19 Excess visceral adipose tissue is a 
potent source of adipokines that promote chronic low-grade 
systemic inflammation,20 including IL-6, TNF-α, leptin and 
others that may contribute to knee OA pathogenesis.21 More-
over, experimental evidence suggests that individuals whose 
metabolic phenotype is adapted to energetic scarcity are not 
only more prone to possessing large amounts of visceral adipose 
tissue under conditions of energetic abundance, but their adipo-
cytes also secrete higher concentrations of pro-inflammatory 
adipokines.22 23 Therefore, it is reasonable to hypothesise that 
non-industrial populations experiencing the energy balance 
transition may not only have an enhanced susceptibility to knee 
OA for a given BMI, but also that abdomen size among such 

groups is a stronger determinant of knee OA risk than in indus-
trialised countries.

Here, we test this model of heightened knee OA risk among 
non-industrial societies undergoing the energy balance transi-
tion by comparing the probability of knee OA and its association 
with BMI and abdomen size in two groups: the Tarahumara, an 
indigenous population of subsistence farmers living in the Sierra 
Madre Occidental of Mexico (figure 1); and a well-studied urban 
population of Americans from Framingham, Massachusetts.24 25 
The Tarahumara grow and eat mostly maize and beans and tend 
to be very physically active due to their non-mechanised farming 
methods, lack of motorised vehicles and the mountainous terrain 
in which they typically walk long daily distances to collect water, 
firewood and other resources.26 27 Notwithstanding, few Tarahu-
mara remain isolated from outside economic and cultural influ-
ences. In particular, recent expansion of the market economy 
in the Sierra Madre Occidental has increased the availability of 
inexpensive processed foods and drinks, which the Tarahumara 
afford by supplementing their farming with temporary paid 
work and government aid. As a result, Tarahumara diets have 
been shifting to include more high-fat, high-sugar processed 
foods,28 and food preparation increasingly involves frying rather 
than using the more traditional methods of roasting or boiling.29 
Consequently, while anthropometric data from decades ago 
indicate that obesity used to be extremely rare among the Tara-
humara,30 31 recent surveys suggest it is now a growing health 
concern.27 32

This study tested four predictions: First, because the Tarahu-
mara are still in the early stages of the energy balance transi-
tion, we predicted that they would have lower average BMIs 
and obesity levels than individuals from Framingham. However, 
second, due to early-life exposure to energy limitation, we 
predicted that Tarahumara experiencing the energy balance 
transition would tend to grow larger abdomen sizes for a given 
body weight compared with Framingham individuals. Third, as 
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Figure 2  Anthropometric comparisons of the Tarahumara and 
Framingham individuals. (A) Density plot of body mass index (BMI) 
with thresholds for overweight and obesity indicated. (B) Association 
between body weight and abdomen size controlling for age. (C) 
Association between abdomen size and relative leg length (leg length/
stature) controlling for age. Note that in (C), leg length was measured 
slightly differently among Tarahumara and Framingham individuals, 
so the difference in y-intercepts does not accurately reflect a group 
difference in relative leg length. Shading in (B) and (C) represents 95% 
CIs.

a result of this mismatch between metabolic phenotypes adapted 
to energetic scarcity and later-life greater energy availability, 
we predicted that the Tarahumara would have a higher risk of 
knee OA for a given BMI than Framingham individuals. Fourth 
and finally, we predicted that abdomen size would be a stronger 
predictor of knee OA risk among the Tarahumara than individ-
uals from Framingham.

Methods
Participants
The Tarahumara sample consists of 157 men aged 40–92 years 
(average±SD: 62±12 years) from the regions around the 
Sinforosa and Urique Canyons in the southwestern portion of 
the Mexican state of Chihuahua. Participants were recruited in 

2015 and 2016 by word of mouth with the help of local resi-
dents and transported to clinics in the towns of Guachochi and 
Cerocahui where they were examined. Although our model of 
heightened knee OA risk among groups experiencing the energy 
balance transition applies as much to women as men, we were 
unable to collect data from Tarahumara women because of their 
inability to devote sufficient time to travelling to and from the 
clinics. To maximise participation, our research was scheduled 
during seasons when time devoted to farming was at a minimum, 
but seasonal downturns in farming activity had a greater impact 
on male than female workloads. The Framingham sample 
includes 565 white men who were members of the Offspring 
Cohort of the Framingham Osteoarthritis Study,24 25 aged 40–94 
years (average±SD: 66±9 years), who were examined at local 
clinics between 2002 and 2005. All participants were recruited 
without respect to knee pain or other health complaints. Basic 
information about participants’ lifestyles obtained from ques-
tionnaires is provided in online supplementary material 1.

Anthropometry, knee radiographs and pain assessment
Each participant’s stature, body weight and abdomen circum-
ference were measured. In addition, measurements of leg length 
from a subset of participants in each group (n=101 Tarahu-
mara; n=88 Framingham individuals) were available from prior 
research.33 34 Leg length was measured as greater trochanter 
height and umbilical height among the Tarahumara and Fram-
ingham individuals, respectively. Relative leg length, calculated 
as the ratio of leg length to stature, is a well-established surrogate 
measure of an individual’s energy availability during prenatal 
and early postnatal development, with a short relative leg length 
being indicative of an energetically limited early-life environ-
ment.35 36

A single weight-bearing posteroanterior fixed-flexion radio-
graph of both knees was obtained from all participants using 
a SynaFlexer x-ray positioning frame following a standardised 
protocol.37 Radiographic features of the knees were assessed 
using the Kellgren/Lawrence scale38 of 0–4 based on the pres-
ence of osteophytes, joint space narrowing, sclerosis and cysts. 
Presence of radiographic knee OA was defined as having a Kell-
gren/Lawrence score of 2 or greater in one or both knees.

All participants were asked in Rarámuri (the native language 
of the Tarahumara), Spanish or English the following question: 
“On most days, do you have pain in your knee?” Individuals 
were considered to have symptomatic knee OA if they had both 
knee pain and radiographic knee OA in one or both knees.

Statistical analyses
Data from Tarahumara and Framingham participants were 
compared using generalised linear models, from which we report 
unstandardised point estimates and 95% confidence intervals 
(CIs). An alpha level of 0.05 was set for statistical significance 
and all tests were two-tailed. Analyses were performed in R v 
3.5.1. Further details on the statistical models, results of model 
goodness-of-fit tests and summary statistics for raw data are 
reported in online supplementary material 2.

Results
Across all participants (n=722), after controlling for age, Tara-
humara BMIs (adjusted mean, 24.3 kg/m2; 95% CI 23.8 to 
24.9 kg/m2) were, on average, 17% lower (95% CI 15% to 20%; 
p<0.0001) than those of Framingham individuals (adjusted 
mean, 29.4 kg/m2; 95% CI 29.0 to 29.8 kg/m2) (figure 2A). After 
controlling for age, the probability of obesity (BMI ≥30) among 
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Figure 3  Comparison of knee osteoarthritis (OA) probability and its association with body mass index (BMI) and abdomen size among the 
Tarahumara and Framingham individuals. (A) Probability of radiographic knee OA controlling for BMI and age. (B) Association between radiographic 
knee OA probability and BMI controlling for age. (C) Association between radiographic knee OA probability and abdomen size controlling for age and 
body weight. (D) Probability of symptomatic knee OA controlling for BMI and age. (E) Association between symptomatic knee OA probability and BMI 
controlling for age. (F) Association between symptomatic knee OA probability and abdomen size controlling for age and body weight. Whiskers in (A) 
and (D) and shading in (B), (C), (E) and (F) represent 95% CIs.

the Tarahumara (6%; 95% CI 3% to 11%) was 35% lower 
(95% CI 26% to 41%; p<0.0001) than among Framingham 
individuals (41%; 95% CI 37% to 45%). The probability of 
being overweight (25≤BMI<30) was 13% lower (95% CI 1% to 
24%; p=0.023) among the Tarahumara (32%; 95% CI 25% to 
39%) than Framingham individuals (45%; 95% CI 41% to 49%) 
after controlling for age. However, controlling for body weight 
and age, Tarahumara abdomen circumferences (adjusted mean, 
109.3 cm; 95% CI 107.6 to 111.0 cm) were larger (p<0.0001) 
than those of Framingham individuals (adjusted mean, 99.4 cm; 
95% CI 98.8 to 99.9 cm) (figure 2B; see also online supplemen-
tary material 3). Controlling for age, abdomen size was nega-
tively associated with relative leg length among the Tarahumara 
(p=0.0042) but not among Framingham individuals (p=0.38) 
(figure 2C).

Radiographic knee OA was present in 24% (38/157) of the 
Tarahumara participants and 24% (135/565) of Framingham 
individuals. The probability of having radiographic knee OA 
increased with BMI and age across all participants (p<0.0001 
for both variables), but after controlling for BMI and age, radio-
graphic knee OA probability among the Tarahumara (32%; 
95% CI 23% to 42%) was 13% higher (95% CI 1% to 27%; 
p=0.0057) than among Framingham individuals (18%; 95% CI 
15% to 22%) (figure 3A,B). Among the Tarahumara, the prob-
ability of radiographic knee OA increased more markedly 
with greater abdomen circumference than among Framingham 
individuals (group×abdomen size interaction: p=0.041) after 
controlling for age and body weight (figure 3C).

Symptomatic knee OA was diagnosed in 13% (21/157) and 
13% (71/565) of the Tarahumara and Framingham partici-
pants, respectively. BMI and age were positively associated 

with symptomatic knee OA probability (p<0.0001 for both 
variables across all participants), but after adjusting for BMI 
and age, symptomatic knee OA probability among the Tarahu-
mara (18%; 95% CI 11% to 27%) was 9% higher (95% CI 0% 
to 20%; p=0.0092) than among Framingham individuals (9%; 
95% CI 7% to 12%) (figure 3D,E). Controlling for age and body 
weight, symptomatic knee OA probability tended to increase 
more markedly with greater abdomen size among Tarahumara 
than Framingham individuals (figure 3F), but not significantly so 
(group×abdomen size interaction: p=0.27).

Discussion
Previous research has demonstrated that individuals born in 
energy-limited environments who are later exposed to greater 
energy abundance often have a heightened sensitivity to obesity-
related diseases including type 2 diabetes, hypertension and coro-
nary heart disease.10–13 Building on this work, we have proposed 
a model of heightened knee OA risk among non-industrial soci-
eties undergoing the energy balance transition and tested predic-
tions of this model by comparing the probability of the disease 
and its association with BMI and abdomen size among an indig-
enous group of subsistence farmers in Mexico, the Tarahumara, 
relative to urban Americans from Framingham, Massachusetts. 
Overall, the results support four key predictions of our model. 
First, as expected for a population still in the early stages of the 
energy balance transition, the Tarahumara were found to have 
lower average BMIs and obesity levels than individuals from 
Framingham. Nevertheless, second, the Tarahumara tended to 
have larger abdomens for a given body weight than Framingham 
individuals, indicating relatively greater abdominal adiposity, 
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a potent source of adipokines that promote chronic low-grade 
systemic inflammation.20 21 Moreover, abdomen size among the 
Tarahumara was negatively associated with relative leg length, an 
established biomarker of early-life nutritional environment,35 36 
suggesting that larger abdomen sizes among the Tarahumara 
derived from the interaction between scarcity-adapted metabo-
lisms and later-life energy abundance. Third, in association with 
this relatively low-BMI, large-abdomen phenotype, the Tarahu-
mara exhibited a heightened susceptibility to radiographic and 
symptomatic knee OA for a given BMI compared with Fram-
ingham individuals. In addition, fourth, proportionate increases 
in abdomen size in the two groups were associated with greater 
increases in radiographic knee OA risk among the Tarahumara 
than individuals from Framingham, implying that the abdominal 
adipose tissue of the Tarahumara was a more potent stimulus for 
knee tissue degeneration. These findings suggest that risk of knee 
OA among non-industrial populations undergoing the energy 
balance transition is likely greater than would be expected based 
on the prevalence of obesity alone. Instead, our findings suggest 
that knee OA is yet another obesity-related disease to which 
risk is enhanced by mismatches between early-life and later-life 
energy availability.

Although our model emphasises the contribution of chronic 
low-grade systemic inflammation to knee OA pathogenesis, 
another factor that often plays an important role is mechani-
cally induced joint tissue damage.39 Since physical activity is the 
most common source of knee loading, it is important to consider 
to what extent the Tarahumara’s relatively high activity levels 
might have affected their risk of knee OA. Routine activity 
engendering knee loads within the normal physiological range 
is not inherently harmful to knee tissues,3 as illustrated by the 
fact that habitual long-distance runners are not more prone to 
knee OA than non-runners.40 41 Nevertheless, activities that 
expose knees to abnormal, supraphysiological loads undoubt-
edly have the potential to damage joint tissues, explaining the 
strong association between traumatic injuries and knee OA.39 
It is thus notable that during examinations, all participants in 
this study were asked whether they had ever experienced a knee 
injury that limited their ability to walk for more than 3 days, and 
only 18% (7/38) of the Tarahumara with radiographic knee OA 
reported ever having had such an injury, compared with 30% 
(40/135) of Framingham individuals with radiographic disease 
(Fisher’s exact test: p=0.22). Also, among Tarahumara and 
Framingham participants who were not diagnosed with knee 
OA, we measured knee joint space width (a proxy for cartilage 
thickness) from radiographs using an established protocol42 and 
found that while joint space width declined with age in both 
groups (online supplementary material 4), age-related joint 
space thinning was not more rapid among the Tarahumara than 
Framingham individuals (general linear model, group×age inter-
action: p=0.98). Therefore, the Tarahumara’s active lifestyles do 
not appear to have distinctly predisposed them to either injury-
related knee OA or generally greater joint tissue degeneration 
throughout life. Ultimately, based on available evidence, if Tara-
humara activity patterns influenced susceptibility to knee OA, 
we speculate that it was not primarily because the loads their 
knees sustained were abnormally high, but that due to the energy 
balance transition, knee loading in many individuals occurred 
in the context of chronic low-grade systemic inflammation that 
weakened their joint tissues.

This study has important limitations. First, we were able to 
collect data only from a relatively small sample of Tarahumara 
men and no women, and thus the degree to which the vulnera-
bility to knee OA of the participants in this study is representative 

of the overall Tarahumara population is unclear. Second, our 
model assumes that the effect of the energy balance transition 
on abdominal adiposity (and hence knee OA risk) depends on 
an individual’s energy status during early development, yet we 
lack direct information on this. Nevertheless, our finding that 
relative leg length was negatively associated with abdomen 
size among the Tarahumara provides indirect support for our 
model.35 36 Third, while our model assumes that the primary 
pathway by which greater abdominal adiposity affects knee 
OA risk is through higher levels of chronic low-grade systemic 
inflammation, logistical difficulties prevented us from collecting 
data on most biomarkers of inflammation from the Tarahumara. 
We were able, however, to measure C-reactive protein (CRP) 
levels from dried blood spots using an established protocol43 
in a subset of the Tarahumara, and as would be expected, CRP 
levels were found to be positively associated with abdomen 
size (general linear model, p=0.013) after controlling for age 
and body weight (online supplementary material 5). Although 
CRP is a non-specific marker of inflammation that is associated 
with knee OA pain but not radiographic disease,44 these data 
underscore the link between abdomen size and systemic inflam-
mation levels. Fourth, differences in anthropometry and knee 
OA risk between Tarahumara and Framingham individuals are 
interpreted as being primarily due to environmental factors, but 
we cannot rule out that genetic variation was partly responsible 
for some of the patterns detected between groups. Even so, at 
least in terms of knee OA risk, we would expect any influence of 
genetics to have been limited given that alleles affecting disease 
susceptibility have relatively small effect sizes.45 Moreover, the 
vast majority of genetic diversity among humans is accounted for 
within populations,46 and there is currently little evidence that 
alleles affecting knee OA risk are biased towards the small frac-
tion of genetic diversity that exists between populations.

Finally, the results of this study provide further evidence 
supporting the hypothesis that knee OA represents an example 
of a ‘mismatch disease’ that is caused in part by human bodies 
being inadequately or imperfectly adapted to novel features of 
modern environments.2 However, whereas prior discussions of 
this hypothesis have focused on the extent to which knee OA 
stems from deleterious interactions between modern environ-
ments and the genes we inherited from ancient ancestors who 
evolved in markedly different environments,2 3 this study high-
lights the potential contribution to knee OA risk by another 
form of mismatch, one which reflects processes operating on a 
much shorter timescale, within just a single generation.12 13 Ulti-
mately, more data are needed from the Tarahumara and other 
non-industrial groups to determine more precisely the magni-
tude and mechanisms of heightened knee OA risk faced by 
individuals born in energy-limited environments who later expe-
rience greater energy abundance. In all likelihood, both evolu-
tionary and developmental mismatches play important roles in 
the growing burden of knee OA worldwide, yet the potential 
impact of mismatches between early-life and later-life energy 
availability is especially alarming and warrants special atten-
tion, as non-industrial societies undergoing the energy balance 
transition comprise a large fraction of the global population47 
and typically receive little attention from health and prevention 
services.48
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Key messages

What is already known about this subject?
►► Autoantibodies (AAbs) are used as biomarkers 
in autoimmune diseases such as rheumatoid 
arthritis or systemic lupus erythematosus. In 
these and other plethora of disorders, they can 
be detected at asymptomatic stages.

►► Although the presence of AAbs has been 
reported in the serum of patients with 
osteoarthritis (OA), they had not been 
previously associated with the incidence or 
progression of this disease.

What does this study add?
►► A specific panel of AAbs has been detected 
at baseline in individuals developing incident 
radiographic knee OA (KOA) during a 96-month 
follow-up period, compared with those who 
remained healthy.

►► Reactivity levels of AAbs against the beta 
subunit of the methionine adenosyltransferase 
(MAT2β-AAb) II enzyme are positively 
correlated with the time to OA incidence.

How might this impact on clinical practice or 
future developments?

►► The addition of MAT2β-AAb to a prognostic 
clinical model of incident radiographic KOA 
might significantly improve the identification at 
baseline of those individuals who will develop 
the disorder during a follow-up period of 96 
months.

Abstract
Objective  To find autoantibodies (AAbs) in serum that 
could be useful to predict incidence of radiographic knee 
osteoarthritis (KOA).
Design  A Nucleic-acid Programmable Protein Arrays 
(NAPPA) platform was used to screen AAbs against 2125 
human proteins in sera at baseline from participants 
free of radiographic KOA belonging to the incidence and 
non-exposed subcohorts of the Osteoarthritis Initiative 
(OAI) who developed or not, radiographic KOA during 
a follow-up period of 96 months. NAPPA-ELISA were 
performed to analyse reactivity against methionine 
adenosyltransferase two beta (MAT2β) and verify the 
results in 327 participants from the same subcohorts. The 
association of MAT2β-AAb levels with KOA incidence 
was assessed by combining several robust biostatistics 
analysis (logistic regression, Receiver Operating 
Characteristic and Kaplan-Meier curves). The proposed 
prognostic model was replicated in samples from the 
progression subcohort of the OAI.
Results  In the screening phase, six AAbs were found 
significantly different at baseline in samples from 
incident compared with non-incident participants. In 
the verification phase, high levels of MAT2β-AAb were 
significantly associated with the future incidence of 
KOA and with an earlier development of the disease. 
The incorporation of this AAb in a clinical model for the 
prognosis of incident radiographic KOA significantly 
improved the identification/classification of patients who 
will develop the disorder. The usefulness of the model to 
predict radiographic KOA was confirmed on a different 
OAI subcohort.
Conclusions  The measurement of AAbs against MAT2β 
in serum might be highly useful to improve the prediction 
of OA development, and also to estimate the time to 
incidence.

Introduction
Osteoarthritis (OA) is the most common arthritic 
disease involving movable joints and it is increas-
ingly important in current ageing populations, 
leading to patient chronic disability.1 2 The current 
diagnostic methods are insensitive to detect the 
small changes occurring at early stages, when OA is 
characterised as an asymptomatic disease.1 To solve 
this problem, a molecular level of interrogation is 
hypothesised as the only alternative to detect the 
earliest phases of the disease process.2

Although OA is not considered an autoimmune 
disease, cell stress and extracellular matrix degra-
dation may activate maladaptive repair responses, 
including pro-inflammatory pathways of innate 
immunity.3 Activation of the immune response 
usually involves the production of immuno-
globulins against self-proteins or autoantibodies 
(AAbs), which can be detected in sera and used as 
biomarkers for early diagnosis.4 5 In this field, the 
Nucleic-Acid Programmable Protein Array (NAPPA) 
strategy has been widely used to detect AAbs in a 
high-throughput manner in many diseases,6 7 and 
has been employed in an exploratory study on sera 
from patients with OA.8 The NAPPA arrays are 

http://www.eular.org/
http://ard.bmj.com/
http://orcid.org/0000-0001-7649-9803
http://orcid.org/0000-0001-9821-7635
http://dx.doi.org/10.1136/annrheumdis-2019-215325
http://dx.doi.org/10.1136/annrheumdis-2019-215325
http://crossmark.crossref.org/dialog/?doi=10.1136/annrheumdis-2019-215325&domain=pdf&date_stamp=2019-10-02
http://ard.bmj.com/


1700 Camacho-Encina M, et al. Ann Rheum Dis 2019;78:1699–1705. doi:10.1136/annrheumdis-2019-215325

Osteoarthritis

Figure 1  Study design. A two-stage discovery approach (screening 
and verification) was designed to investigate the putative utility of AAbs 
to predict OA development. Sera from the non-exposed and incidence 
OAI subcohorts at baseline without radiographic KOA (KL=0–1) in 
at least one knee (target knee) were analysed in these two phases. 
Incident radiographic KOA was defined by KL ≥2 at 12–96 months of 
follow-up. In the screening phase, reactivity levels of AAbs against 2125 
proteins were evaluated in 10 pooled serum samples at baseline per 
Study Group (incident and non-incident) using the NAPPA platform. 
Each pool was prepared by mixing equal volumes of 10 individual sera. 
In the verification phase, the sensitivity and specificity of the baseline 
levels of MAT2β-AAb to predict KOA incidence was confirmed by 
applying the NAPPA-ELISA technique on a total of 327 individual sera at 
baseline, which included the 200 samples used at the screening. Then, 
a logistic regression model was developed combining different clinical 
variables and MAT2β-AAb levels. The clinical variables selected as 
covariates are listed in table 2. Finally, the proposed prognostic model 
was replicated in 108 individual sera at baseline from participants of 
the progression subcohort of the OAI without radiographic KOA. AABs, 
autoantibodies; KOA, knee osteoarthritis; KL, Kellgren and Lawrence; 
MAT2β, methionine adenosyltransferase two beta; NAPPA, Nucleic-acid 
Programmable Protein Array; OA, osteoarthritis; OAI, Osteoarthritis 
Initiative.

generated by printing full-length cDNAs encoding the target 
proteins with a tag on the surface of the array.9 Proteins are then 
transcribed and translated by a mammalian cell-free system and 
captured in situ by immobilised antibodies specific for the tag 
encoded at the carboxy-terminus of the amino acid sequence.10

The Osteoarthritis Initiative (OAI) is an ideal target popula-
tion to detect relevant biomarker characteristics of earlier stages 
of the disease. It is a multi-centre, longitudinal and observational 
cohort study that has enrolled 4796 individuals which have been 
followed during 96 months.11 12 Among all these subjects, the 
OAI comprises participants without clinically significant knee 
osteoarthritis (KOA) at baseline, but selected on the basis of 
having specific characteristics that give them an increased risk 
of developing incident symptomatic KOA (incidence subcohort), 
and a reference control group whose participants did not have 
neither symptomatic KOA nor risk factors at baseline (non-
exposed subcohort).

In the present study, serum samples at baseline from the inci-
dence and non-exposed subcohorts of the OAI were analysed 
using NAPPA technology for the discovery of an AAb profile 
that could be associated with an early and asymptomatic stage of 
the disease. The objective was to detect AAbs useful to identify 
those asymptomatic individuals who will develop radiographic 
KOA before 96 months, and examine the putative relationship 
between their levels in serum and the time for OA incidence.

Materials and methods
Definition of incident radiographic KOA
In this case–control study, two main outcomes group, with one 
study knee per subject (target knee), were defined: the incident 
(n=146) and the non-incident group (n=181), both without 
clinically relevant radiographic KOA at baseline (Kellgren and 
Lawrence (KL) grade=0–1) in at least one knee (target knee). 
Incident radiographic KOA was defined by KL grade ≥2 in 
the target knee at some point between 12 and 96 months of 
follow-up.

Study design
A two-stage discovery approach (screening and verification) was 
designed to analyse the presence and putative usefulness of KOA-
associated AAbs to predict the incidence of the disorder. The 
sera were blindly analysed and belonged to Caucasian partic-
ipants from the incidence and non-exposed subcohorts of the 
OAI at the baseline visit (181 non-incidents and 146 incidents at 
96 months). The prognostic clinical model generated to predict 
KOA development was later replicated in a total of 108 partici-
pants (65 non-incidents and 43 incidents at 96 months) from the 
progression subcohort of the OAI at the baseline visit. Detailed 
information about the workflow of the study is summarised and 
illustrated in figure 1.

NAPPA profiling of serum AAbs
The NAPPA core Centre for Personalised Diagnostics (CPD) 
at the Biodesign Institute (Arizona State University, USA) had 
all human genes from the DNASU (​www.​dnasu.​org) on six 
different array sets: HC1−HC6. The HC5 set was selected for 
the screening on the basis of having the greatest number of genes 
that could be related with OA pathogenesis according to bibli-
ography (listed in online supplementary table S1). The quality of 
DNA printing, protein expression and detection of the NAPPA 
slides were performed using the standard procedure of CPD,13 
but incubating the expressed slides overnight with 150 µL of 
1:20 (v/v) diluted serum. A titration assay was performed using 

serum dilutions from 1:20 down to 1:200 to identify an optimal 
dilution factor that provided an acceptable background without 
overwhelming the true signals.

The signal intensities obtained in the assay were normalised 
as described.14 To determine positive AAb response, a cut-off 
level was calculated by median intensity absolute deviation rule 
from all the spots through all the serum pools. The mean and 
SD of the mean were obtained for the incident and non-incident 
groups. The antigens that did not exhibit intensities over the cut-
off were eliminated. A differential spot analysis was performed 
with the remaining antigens by Wilcoxon Rank-Sum test (p 
value<0.05) and the area under the curve (AUC) at 95% speci-
ficity were calculated using the pROC package in R. In addition, 
AAb candidates were qualitatively examined by visual analysis 
through all the slides by adjusting in identical black and full 
colour threshold scale.

NAPPA-ELISA assay
In all, 500 ng of full-length methionine adenosyltransferase two 
beta (MAT2β) human recombinant protein fused to glutathione 
S-transferase (GST) were synthesised in vitro using the HeLa cell 
lysate-based protein in vitro transcription/translation (IVTT) 
system (Thermo Fisher Scientific). NAPPA-ELISA assay was 
performed as previously described8 with some variations. 96-well 
plates coated with 40 ng of anti-GST antibody were blocked 
4 hours at room temperature with 5% milk-1×phosphate-
buffered saline with tween (PBST) (0.02% Tween20). 50 µL 
of the IVTT-expressed recombinant human protein was trans-
ferred to each well and incubated at 4°C overnight on shaker. 
Plates were then washed and incubated with 1:20 (v/v) diluted 
sera. The presence of specific MAT2β-AAb was detected by 
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Table 1  MAT2β-AAb model assessment in the verification phase

Estimate 95% CI

OR (p value) 5.99 (1.000E-03) 2.16 16.63

AUC 0.62 0.56 0.68

Sensitivity (%) 86 80 91

Specificity (%) 39 31 46

PPV (%) 53 50 57

NPV (%) 78 70 85

AUC, area under the curve;MAT2β-AAb, methionine adenosyltransferase two beta-
autoantibody; NPV, negative predictive value; PPV, positive predictive value.

incubation with horseradish peroxidase (HRP)-linked anti-
Human IgG (Jackson ImmunoResearch Laboratories) diluted 
1:1000 (v/v) in blocking buffer. After addition of tetramethyl-
benzidine substrate, the absorbance signals at 450 nm were read 
on a Biotek Synergy four plate reader (Winooski, VT, USA). 
Levels of MAT2β-AAb were expressed in arbitrary units (a.u.) 
of absorbance.

Data analysis
The biological context network of MAT2β was analysed with 
the STRING (https://​string-​db.​org/) bioinformatics webtool, 
using the K-means clustering method. Differences in the base-
line reactivity levels of MAT2β-AAb were assessed by the Mann-
Whitney U test and the association of this potential biomarker 
with OA incidence was evaluated with the OR. In addition, after 
assessment of cut-off values (tertiles) for MAT2β-AAb, patients 
with OA were categorised into high-level, medium-level and 
low-levels groups. Kaplan-Meier (KM) analyses were used to 
estimate and represent the survival probability, explained as the 
probability of not developing KOA in specific periods of time 
(12, 24, 36, 48, 72 and 96 months) depending on the tertiles of 
MAT2β-AAb reactivity levels of the participants.

To define prognostic models of OA, clinical data at baseline 
were obtained from the OAI database (https://​data-​archive.​nimh.​
nih.​gov/​oai). Candidate non-radiographic clinical variables that 
may have prognostic value were selected based on the specific 
eligibility risk factor criteria for the incident subcohort of the 
OAI and prior published evidence suggesting a risk factor role 
in KOA incidence (online supplementary table S2). For all vari-
ables concerning the joint, knee-value predictors were recoded 
to indicate they were for the target knee. When neither or both 
knees have incident KOA, one of them was randomly selected 
and used in the analysis. In a primary step, univariable logistic 
regression analyses were employed to assess association between 
each variable with incident radiographic KOA. In a secondary 
step, a stepwise multivariable logistic regression analysis was 
performed to define a prognostic model of incident radiographic 
KOA.

The capacity of the models to predict OA incidence was eval-
uated using the AUC. The utility of the measurement of the 
reactivity levels of the potential biomarker was assessed by 
comparing the AUC of the covariates-only model with the AUC 
of the biomarker plus covariates model. Sensitivity, specificity 
and positive predictive value and negative predictive value were 
also estimated by the Youden Index to determine the validity 
and security of the models, and receiver operating character-
istic (ROC) curves were evaluated. A nomogram was developed 
to facilitate application of the proposed prognostic model in a 
clinical setting. Finally, the validity of the proposed biomarker 
plus covariates model was evaluated by a replication analysis 
in a different set of participants from the OAI progression 
subcohort.

All regression analyses and KM curves were carried out using 
SPSS V.25 for Mac. Metrics were calculated using the pROC 
package in R.

Patient and public involvement
This research was done without patient involvement. Patients 
were not invited to comment on the study design and were not 
consulted to develop patient relevant outcomes or interpret the 
results. Patients were not invited to contribute to the writing or 
editing of this document for readability or accuracy.

Results
Identification of AAbs associated with the incidence of KOA
To search for AAbs in the serum that could be associated with 
a future development of KOA, a comprehensive AAb profiling 
against 2125 full-length proteins was performed by NAPPA. It 
was carried out comparing pools of serum samples at baseline 
from two groups: the incident group, which contains partic-
ipants belonging to the incidence subcohort of the OAI who 
did develop radiographic KOA during the 96-month follow-up 
(n=100, 10 pools), and the non-incident group, which contains 
participants from the non-exposed subcohort that remained 
radiographically healthy (n=100, 10 pools).

A signal cut-off >1.1 was employed to assure a sufficient 
margin between positive and negative AAbs reactivities. Among 
the 2125 screened proteins, a total of 1031 proteins showed posi-
tive immunoreactivity (online supplementary table S3). Mean 
and SD values for all the proteins expressed on the array for 
the incident and non-incident groups are summarised in online 
supplementary table S3. From all the proteins over the cut-off, 
the Wilcoxon Rank-Sum test identified a total of six AAbs that 
reacted with six different proteins on the array (online supple-
mentary table S4). Furthermore, as shown in online supplemen-
tary figure S1, visually discernible differences demonstrated that 
the normalisation criteria employed did neither create signal 
differences that do not exist, nor destroy true signal differences.

Verification of MAT2β-AAb levels as potential prognosis 
marker of OA incidence
To confirm the putative ability of any of these AAbs to predict 
the incidence of OA, anti-MAT2β was selected to be technically 
verified by NAPPA-ELISA in 327 individual serum samples, 200 
of which (100 incidents and 100 non-incidents) were previously 
used at the screening phase. This selection was based on the 
role of MAT2β as negative regulatory subunit of the produc-
tion of S-adenosylmethionine (SAMe), a main methyl donor 
in the human body and a widely used dietary supplement for 
OA management (AdoMet). In addition, its biological context 
network (online supplementary figure S2) suggests a bottleneck 
role of this protein in metabolic pathways that are known to 
be related with OA pathogenesis. After the subtraction of the 
negative control, we found positive reactivity against MAT2β 
in all the analysed sera. The higher baseline reactivity levels 
of MAT2β-AAb found in the incident group (0.58±0.22 vs 
0.49±0.23 a.u., p=3.140E-04) verified our previous findings. 
The association of this potential biomarker with the clinical 
outcome and its ability to predict incidence of radiographic KOA 
were assessed and are summarised in table 1.

Furthermore, we detected a significant decrease in anti-MAT2β 
reactivity levels with the time to KOA onset (p value=0.002), as 
it is shown in online supplementary figure S3. The association 
between the baseline reactivity levels of MAT2β-AAb in sera and 
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Table 2  Characteristics at baseline of the study participants in the verification and replication phases

Covariates

Verification phase Replication phase

Incident OA (n=146) Non-incident OA (n=181) Incident OA (n=65) Non-incident OA (n=43)

Age, mean years (SD) 60.65 (8.51) 56.61 (8.57) 58.26 (9.40) 59.86 (8.50)

Sex, n (%) female 98 (67.1) 102 (56.4) 26 (60.5) 25 (38.5)

BMI, mean kg/m2 (SD) 28.93 (4.59) 25.88 (4.14) 29.75 (4.94) 28.29 (3.69)

Frequent knee bending activity, n (%) yes 110 (75.3) 106 (58.6) 30 (71.4) 27 (41.5)

History of knee injury, n (%) yes 39 (26.7) 23 (12.7) 9 (21.4) 7 (10.9)

WOMAC pain score 1.63 (2.36) 0.61 (1.63) 3.21 (3.58) 1.68 (2.43)

BMI, body mass index; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index.

Figure 2  Association of biomarker levels with the time to KOA 
incidence. Kaplan-Meier reliability analysis for MAT2β-AAb in the OAI 
participants included in this work, classified into three groups (low 
level, medium level and high level) after the calculation of a cut-off 
value (MAT2β-AAb tertiles). *Level of significance below 0.05 by the 
Log-Rank test. KOA, knee osteoarthritis; MAT2β-AAb, methionine 
adenosyltransferase two beta-autontibody; OAI, Osteoarthritis Initiative.

the time to OA incidence were inferred by KM curves (figure 2). 
Individuals with low AAb levels at baseline (range=2.00E-3–0.39 
a.u.) had a significant lower risk to develop KOA sooner in time
than those with high (range=0.60–1.58 a.u., p=2.440E-04) or 
medium (range=0.39–0.60 a.u., p=5.000E-06) baseline levels. 
There were no significant differences in the time to KOA inci-
dence when the high-level and medium-levels groups were 
compared (p=0.267).

Predictive modelling of KOA incidence with the combination 
of clinical variables and MAT2β-AAb levels
A unique covariates-only model including age, sex, body mass 
index (BMI), frequent knee bending activity, history of knee 
injury and the Western Ontario and McMaster Universities 
Osteoarthritis Index pain score was defined by stepwise multi-
variable logistic regression analysis. The clinical characteristics 
finally included in the model of the selected participants are 
presented in table  2. The results from the univariable logistic 
regression model of all the clinical variables analysed are shown 
in online supplementary table S5.

The clinical model defined herein yielded an AUC (95% CI) 
of 0.81 (0.76–0.86). The addition of MAT2β-AAb to this model 
significantly improved the capacity to predict radiographic KOA 
development in the target knee (p=0.048), yielding an AUC of 
0.83 (0.78–0.87). Figure 3A,B shows the results from this regres-
sion analysis, together with the metrics and the ROC curves 

obtained when comparing the covariates-only model with the 
MAT2β-AAb plus covariates model.

To facilitate the use of the proposed prognostic model in a 
clinical routine, a nomogram was developed (figure  3C) to 
determine the probability of a certain individual to develop KOA 
in the next 96 months.

Replication analysis in an independent OAI subcohort
The proposed MAT2β-AAb plus covariates model was repli-
cated in an independent set of sera at baseline from participants 
without KOA belonging to the progression subcohort of the OAI. 
The clinical characteristics of this population are summarised in 
table 2. The AUC observed in this replication analysis was 0.76 
(table 3), showing no significant differences with that obtained 
in the verification phase (p=0.218). In addition, the sensitivity, 
specificity and predictive values remained very similar in both 
verification and replication cohorts.

Discussion
One of the features of a prognostic marker is the ability to predict 
the future occurrence of a certain disease among people who do 
not have it.15 The production of antibodies against self-proteins 
is a characteristic feature of many diseases.16 Considering the 
fact that AAbs can often be detected at asymptomatic stages,4 
they might have the potential to identify susceptible individuals 
or populations and facilitate prognosis. The idea that AAbs can 
be used to predict a disease state has been extensively studied in 
different disorders, such as cancer17–19 or type 1 diabetes.20 21 In 
the field of rheumatic diseases, AAbs have a fundamental value 
in the diagnosis of those with an autoimmune pathogenesis, such 
as systemic lupus erythematosus22 and rheumatoid arthritis.23

Although OA is not considered an autoimmune disorder, the 
immune system is highly related with early disease.24 However, 
existing literature related to the presence of AAbs in patients 
with OA is limited.8 25–27 Indeed, this is the first study that eval-
uates the usefulness of AAbs to stratify patients with asymptom-
atic OA. The use of a large-scale approach (NAPPA) enabled the 
search of a massive number of putative AAbs, which is the largest 
screening performed to date in the OA field. With this approach, 
we have identified significant levels of reactivity from AAbs 
against six different proteins that are associated with the future 
incidence of the disease. At this point, a characteristic of this 
approach should be taken into consideration when interpreting 
the findings presented herein: The low sera dilutions employed 
in this work lead to the primary detection of class M immuno-
globulins (IgM), which, in contrast to IgGs, have no immune 
memory. However, IgMs are not subjected to immunoregula-
tion28 and are formed early in the immune response. Therefore, 
specific antibodies of the IgM class might be important in the 
diagnosis of chronic diseases.29
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Figure 3  Prognostic model for incident radiographic KOA. (A) Metrics comparing the covariates-only model with the biomarker plus covariates 
model. (B) ROC curve for the models. (C) Nomogram of the biomarker plus covariates prognostic model. To use the nomogram, a straight edge on 
the top of the figure identifies the value on the points scale that corresponds to the score for each predictor (black arrows pointing up). In addition, 
the straight edge is aligned with the total points to determine probability at the bottom of the nomogram, once all the points for each predictor are 
summed. For example, a woman (18 points) of 45-year old (0 points), with a BMI of 23 kg/m2 (27 points), who is involved in an activity with frequent 
knee bending (21 points), with no history of injury (0 points), a WOMAC pain score of 2.5 (10 points), and whose reactivity levels of MAT2β-AAb 
in serum were 1.2 a.u. (57.5 points) renders a total of 133.5 points. This value gives her a probability of 55.5% to develop radiographic KOA within 
a period of 96 months (red arrow pointing down). a.u., arbitrary units; AUC, area under the curve; BMI, body mass index; KOA, knee osteoarthritis; 
MAT2β-AAb, methionine adenosyltransferase two beta-autontibody; NPV, negative predictive value; OA, osteoarthritis; PPV, positive predictive value; 
ROC, receiver operating characteristic; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index.

Table 3  Predictive capacity of the MAT2β-AAb plus covariates 
model in the verification and replication phases

Verification phase Replication phase

P value 
between 
AUCs

AUC (95% CI) 0.83 (0.78 to 0.87) 0.76 (0.66 to 0.86) 0.218

Sensitivity % (95% CI) 80 (73 to 86) 71 (56 to 83)

Specificity % (95% CI) 75 (68 to 81) 81 (70 to 91)

PPV % (95% CI) 72 (66 to 77) 71 (60 to 83)

NPV % (95% CI) 83 (77 to 87) 81 (74 to 89)

AUC, area under the curve;MAT2β-AAb, methionine adenosyltransferase two beta-
autontibody; NPV, negative predictive value; PPV, positive predictive value.

The results for MAT2β-AAb have been verified on 327 indi-
vidual samples at baseline from the OAI cohort, which provides 
a robust evaluation of its ability to classify patients at baseline 
as incident or non-incident during a 96-month period. More-
over, KM curves showed a significant association of the baseline 
reactivity levels of MAT2β-AAb with the time of KOA appear-
ance. This statistical approach has been widely used in cancer 
biomarkers30–32 and it has been recently introduced in the rheu-
matology field.33 34 Interestingly, our results showed that higher 
baseline reactivity levels of this AAb result in a sooner develop-
ment of radiographic KOA.

MAT2β is the regulatory subunit responsible of enhancing or 
inhibiting the synthesis of SAMe. This latter compound plays 
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a vital role in methylation, transsulfuration and aminopropyla-
tion pathways,35 and it has been employed as dietary supple-
ment for OA management.35–38 Although there is no evidence of 
the direct involvement of MAT2β in OA, its fundamental role 
in key biological processes for the pathogenesis of this disease 
(online supplementary figure S2) turns it into a potential marker 
of interest. Curiously, this protein was not included in either the 
planar arrays or the NAPPA developed previously by our group 
for the screening of OA-associated AAb.8

The MAT2β-AAb-only model showed a modest ability to 
predict radiographic KOA development, yielding an AUC 
of 0.62 with 39% specificity and 86% sensitivity. In the OA 
field, this modest predictive capacity is in agreement with that 
obtained for different biomarkers that have been evaluated in 
the last years to predict relevant OA progression. For example, 
Eckstein and collaborators examined the relationship of 15 
molecular markers with structural progression based on femo-
rotibial cartilage loss.39 The strongest predictors of longitudinal 
thinning were serum C-terminal telopeptide of collagen type I 
(CTX-I) and plasma N-terminal propeptide of type II procol-
lagen, yielding AUCs of 0.65 and 0.64, respectively, but all the 
remaining biomarkers showed AUCs<0.60. Furthermore, in 
the meta-analysis published by Valdes and collaborators,40 urine 
CTX-II also showed a limited predictive capacity (AUC ≤0.63). 
Recently, Kraus and collaborators have investigated a target 
set of 18 biochemical markers (baseline and time-integrated 
concentrations (TICs) over 12 and 24 months) as predictors of 
symptomatic and radiographic KOA progression.41 Among all 
of them, the best single biomarker was the 24 M TIC CTX-II 
measured in urine, yielding an AUC=0.58.

With the aim of defining a useful non-radiographic prognostic 
model focused on KOA, different non-radiographic clinical 
factors related with risk of incident KOA in the literature42–44 
have been analysed in this study by univariable logistic regres-
sion analysis to look for significant predictors. It is important to 
specify that this study is based on a Caucasian US population, 
which may not comprise all the factors that enhance predisposi-
tion to OA. Among the clinical variables finally included in the 
model, the history of knee injury showed the highest OR, which 
was markedly lower than the reactivity levels of MAT2β–AAb 
(OR 2.57 vs 5.99) for being incident. As shown herein, the use 
of stepwise multivariable regression analysis resulted in one 
prognostic model of KOA incidence with an AUC=0.81. Using 
data from individuals in the Rotterdam study, a prediction model 
using clinical factors that yields an AUC of 0.66 was defined.45 
In another study, Zhang and collaborators defined a model of 
incidence of radiographic KOA with data from the Nottingham 
cohort, the OAI cohort and the Genetics of Osteoarthritis and 
Lifestyle (GOAL) study.46 This model, including variables such 
as age, gender, BMI, occupational risk, family history and knee 
injury yielded the greatest AUC (0.74) in the GOAL popula-
tion, compared with the OAI (AUC=0.60) and the Nottingham 
(AUC=0.69). In our case, the remarkably high ability to predict 
the appearance of radiographic KOA using this covariates-only 
model could be due to the high prevalence of the disease in our 
verification cohort (45% of incident participants). Indeed, the 
application of this model into the whole OAI database yielded a 
lower AUC (AUC <0.70 (data not shown)).

Despite the rather low AUC of MAT2β-AAb, the addition of 
this potential biomarker to the prognostic covariates-only model 
led to an increase in its discriminative ability (AUC=0.83), 
being this increase statistically significant (p=0.048). A similar 
improvement, but in this case not significant, was previously 
reported by including uCTX-II levels in a clinical prediction 

model for KOA.45 At this point, it is important to take into 
account that among all the patients involved in this study, 42.5% 
of them had already developed radiographic OA in the off-target 
knee (KL ≥2). Nevertheless, we observed that the prognostic 
ability of MAT2β-AAb levels is maintained after removing 
subjects with contralateral OA at baseline (AUC=0.61 (0.54–
0.68)). In addition, the inclusion of the presence of contralateral 
OA to the proposed MAT2β-AAb plus covariates model did not 
improve its predictive capacity (p=0.093). This strengthens the 
utility of this biomarker to predict incidence of KOA without 
the need of any radiographical information from the patients, 
avoiding their exposure to harmful radiation. Finally, the prog-
nostic model combining baseline levels of MAT2β-AAb with 
clinical variables was replicated in an independent population, 
which confirms its putative utility to predict the appearance of 
radiographic KOA and strongly suggests it can be generalisable 
to the wider population.

In summary, the present study shows that a high antibody reac-
tivity against MAT2β protein in serum is associated at baseline 
with individuals who will develop incident radiographic KOA, 
and also with an earlier appearance of the disease. Our results 
suggest that the inclusion of MAT2β-AAb in a clinical prognostic 
model for radiographic KOA could improve the identification of 
individuals who will develop the disease before 96 months.
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Key messages

What is already known about this subject?
►► There is a relationship between statins and 
osteoporosis.

What does this study add?
►► Osteoporosis is underrepresented in low-dose 
statin treatment.

►► There is an overrepresentation of osteoporosis 
in high-dose statin treatment.

How might this impact on clinical practice or 
future developments?

►► In clinical practice, high-risk patients for 
osteoporosis under high-dose statin treatment 
should be monitored more frequently.

Abstract
Objective  Whether HMG-CoA-reductase inhibition, 
the main mechanism of statins, plays a role in the 
pathogenesis of osteoporosis, is not entirely known so 
far. Consequently, this study was set out to investigate 
the relationship of different kinds and dosages of statins 
with osteoporosis, hypothesising that the inhibition of 
the synthesis of cholesterol could influence sex-hormones 
and therefore the diagnosis of osteoporosis.
Methods  Medical claims data of all Austrians from 
2006 to 2007 was used to identify all patients treated 
with statins to compute their daily defined dose averages 
of six different types of statins. We applied multiple 
logistic regression to analyse the dose-dependent risks 
of being diagnosed with osteoporosis for each statin 
individually.
Results  In the general study population, statin 
treatment was associated with an overrepresentation 
of diagnosed osteoporosis compared with controls (OR: 
3.62, 95% CI 3.55 to 3.69, p<0.01). There was a highly 
non-trivial dependence of statin dosage with the ORs 
of osteoporosis. Osteoporosis was underrepresented 
in low-dose statin treatment (0–10 mg per day), 
including lovastatin (OR: 0.39, CI 0.18 to 0.84, p<0.05), 
pravastatin (OR: 0.68, 95% CI 0.52 to 0.89, p<0.01), 
simvastatin (OR: 0.70, 95% CI 0.56 to 0.86, p<0.01) and 
rosuvastatin (OR: 0.69, 95% CI 0.55 to 0.87, p<0.01). 
However, the exceeding of the 40 mg threshold for 
simvastatin (OR: 1.64, 95% CI 1.31 to 2.07, p<0.01), 
and the exceeding of a 20 mg threshold for atorvastatin 
(OR: 1.78, 95% CI 1.41 to 2.23, p<0.01) and for 
rosuvastatin (OR: 2.04, 95% CI 1.31 to 3.18, p<0.01) 
was related to an overrepresentation of osteoporosis.
Conclusion  Our results show that the diagnosis 
of osteoporosis in statin-treated patients is dose-
dependent. Thus, osteoporosis is underrepresented 
in low-dose and overrepresented in high-dose statin 
treatment, demonstrating the importance of future 
studies’ taking dose-dependency into account when 
investigating the relationship between statins and 
osteoporosis.

Introduction
Osteoporosis is a chronic disease characterised by 
a reduced bone mineral density (BMD) induced by 
an imbalance in osteoblastic and osteoclastic bone 
formation and resorption.1 Due to the elevated 
fracture risk, osteoporosis can have detrimental 
effects on a patient’s quality of life and is associ-
ated with a higher mortality and morbidity as well 
as being an economic burden.2 By now, numerous 
studies about osteoporosis and its treatment have 

been conducted—many of which revolve around 
the question whether statins affect bone metabo-
lism.3–10 Statins play a crucial role in the manage-
ment of hypercholesterolemia, which makes them 
a commonly used drug.11 Actual guidelines for 
the treatment of hypercholesterolemia in high-
risk patients suffering from cardiovascular disease 
(CVD) or diabetes have been issued, recommending 
cholesterol levels to be as low as possible.12 There-
fore, due to the sheer number of patients under 
statin therapy, research on the connection between 
statin usage and osteoporosis risk is of great impor-
tance. In particular, the underlying pathophysio-
logical mechanisms of a possible osteoprotective 
effect of statins have yet to be fully established.3 13 14 
Although many observational studies report posi-
tive effects of statin use on BMD and/or fracture 
risk, existing data do not sufficiently support the 
use of statins as osteoporosis prophylaxis. This 
is mainly due to the heterogeneity of the data 
concerning the effect of statin therapy on bone 
formation markers, BMD in females and overall 
BMD and fracture risk,3 as well as the lack of 
data regarding the relationship between different 
kinds and dosages of statins and diagnosis of oste-
oporosis. Another topic causing controversy is the 
question whether statins affect sex hormone levels 
such as testosterone or oestrogen.15–17 Statins act 
by inhibiting the endogenous synthesis of choles-
terol, the main substrate for the synthesis of sex 
hormones, and thus we cannot disregard the possi-
bility of a negative effect of statins on bone health, 
especially in higher dosages. However, data on the 
dosage-dependency of statins in the diagnosis of 
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osteoporosis are sparse. Consequently, the present study seeks to 
investigate the relationship between different kinds and dosages 
of statins and osteoporosis and to shed light on the controversy 
regarding the relationship between statin treatment and the diag-
nosis of osteoporosis in a nationwide population-based study.

Study design and methods
We conducted a cross-sectional retrospective analysis of the 
entire Austrian population using a consolidated administrative 
research data base.18

Patient population
Our data include all Austrians with health claims (roughly 97% 
of the population) for which data on all main and side diag-
noses from hospital stays and all prescriptions of drugs with 
costs that exceed a prescription charge of EUR 4.70 is available. 
We included patients with uniquely identifiable age and sex who 
were alive during the entire observation period from January 
2006 to December 2007 (n=7 945 775). Patients born in these 
years or with age >90 years were excluded to gain a more 
homogenous group of patients. The obtained cohort consisted of 
7 897 449 patients (male=3 702 572; female=4 194 877). Infor-
mation on prescriptions was available in the Anatomical Thera-
peutic Chemical (ATC) Classification System codes; to identify 
patients being diagnosed with osteoporosis, main and side diag-
noses from hospital stays were extracted as International Classi-
fication of Diseases, 10th revision (ICD10) codes. Patients with 
a main or side diagnosis from the range M80-M82 (including 
M80: ‘Osteoporosis with current pathological fracture’, M81: 
‘Osteoporosis without current pathological fracture’ and M82: 
‘Osteoporosis in diseases classified elsewhere’ (defined as osteo-
porosis in multiple myelomatosis or endocrine disorders) were 
classified as osteoporosis patients. We additionally conducted 
a sensitivity analysis to control for occurrences of rheumatoid 
arthritis (ICD10 code M06), ischaemic heart diseases (any code 
from the range I20–I25), diseases or arteries including arterioles 
and capillaries (I70–I79), stroke (I63, I64), diabetes (E10, E11), 
chronic renal insufficiency (N17–N19), nicotine dependency 
(F17), overweight and obesity (E65–E68), chronic obstructive 
pulmonary disease (J44), asthma (J45) and Crohn’s disease 
(K50).

Identifying patients with statin treatment
We identified all patients who had at least one prescription of 
any of the seven statins available on the market during the obser-
vation period: Simvastatin (ATC-code: C10AA01), Lovastatin 
(ATC-code: C10AA02), Pravastatin (ATC-code: C10AA03), 
Fluvastatin (ATC-code: C10AA04), Atorvastatin (ATC-code: 
C10AA05), Cerivastatin (ATC-code: A10AA06) and Rosuvas-
tatin (ATC-code: C10AA07). For these patients, we additionally 
controlled for possible effects of other prescribed drugs including 
49 different kinds of insulin-sparing or providing medication 
(all ATC-codes starting with A10) and 3 fibrates (ATC-code: 
C10AB02, C10B05, C10A×09).

For each medication, we tested if the patient was a regular 
drug user or not. Only if a patient had a minimum of four 
different prescription entries for a given drug, we identified him/
her as a valid drug user. As most health claims are filed on a 
quarterly basis, four different prescription entries are equivalent 
to a treatment regularly applied over 1 year. Medications with 
less than 35 valid patients were excluded. The control group was 
made up of all patients not treated with statins.

Average daily doses
The average daily dose of a given drug for each patient was 
calculated as the amount of the drug (converted from defined 
daily dose to mg1) divided by the number of treatment days 
that the patient did not spend in a hospital. Patients were then 
grouped according to their average daily dose for each statin in 
groups of >0–10 mg, >10–20 mg, >20–40 mg, >40–60 mg and 
>60–80 mg.

Patient and public involvement
Patients were not involved in the study design. Details of the 
ethical approval are provided in the online supplementary 
material.

Statistical analyses
We computed age-specific and sex-specific ORs between statin 
use and being diagnosed with osteoporosis. Multiple logistic 
regression was used to investigate this association while 
controlling for age, sex, dosage and prescription of other medi-
cations (drugs used in diabetes and fibrates). Next to age and sex, 
the independent variables in the regression included the dosage 
category for each type of statin or other medication as a cate-
gorical variable. Patients were assigned a categorical variable for 
each statin according to their average daily dose in milligrams. 
We controlled for other medications (20 glucose lowering drugs, 
including metformin; 3 fibrates) by introducing binary dummy 
variables for whether the patient fulfilled all criteria to be consid-
ered a valid drug user or not (see above). Goodness of fit of 
the regression models was evaluated by the adjusted R-squared 
statistic; the variance inflation factor (VIF) was used to test for 
multicollinearity.

Results
Baseline characteristics
We identified 353 502 statin-treated patients (175 506 males, 
177 996 females) out of which 11 701 patients (1765 males, 
9936 females) were diagnosed with osteoporosis (for a detailed 
description of the osteoporotic population, see also online 
supplementary tables S1 and S2). The control group (no statin 
exposure) consisted of 7 543 947 patients (3 527 066 males, 
4 016 881 females), including 68 699 patients (10 410 males, 
58 289 females) diagnosed with osteoporosis. Table 1 presents 
the results of a sex-matched and age-matched cohort analysis 
of statin users in comparison to non-statin users and shows that 
statin users presented more often with a diagnosis of CVD, renal 
failure, nicotine dependency, overweight and obesity and were 
treated more often with antidiabetics.

Sex-specific comparison of the diagnosis of osteoporosis
Within the whole study population, our results show that women 
are at a higher risk of being diagnosed with osteoporosis when 
compared with men (OR: 5.08, 95% CI 4.98 to 5.18, p<0.01; 
see also online supplementary table S3).

Comparison of the diagnosis of osteoporosis between 
patients with and without statin treatment
In the present analysis, the diagnosis of osteoporosis was more 
prevalent in patients of any age treated with statins when 
compared with control subjects without statin treatment (OR: 
3.62, 95% CI 3.55 to 3.69, p<0.01). In a sex-specific analysis, 
the diagnosis of osteoporosis was overrepresented in both statin-
treated females (OR(f): 3.90, 95% CI 3.81 to 3.98, p<0.01) and 
males (OR(m): 3.35, 95% CI 3.18 to 3.52, p<0.01). Therefore, 
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Table 1  Baseline characteristics of the study population matched 
for age and sex

Statin Matched control

Male Female Male Female

N 175 506 177 996 526 518 533 988

Age (mean±SD) 65.02±10.89 69.02±10.46 65.02±10.89 69.02±10.46

Osteoporosis (M80–M82) 1765
(1.01%)

9936
(5.58%)

5.264
(1.00%)

26.903
(5.04%)**

Insulin 11 690
(6.66%)

12 332
(6.93%)

8603**
(1.63%)

8617**
(1.61%)

Oral antidiabetics 34 511
(19.66%)

32 514
(18.27%)

32 569**
(6.19%)

31 237**
(5.85%)

Fibrates 3667
(2.09%)

1993
(1.12%)

6470**
(1.23%)

8131**
(1.52%)

Arthritis (M06) 359
(0.20%)

991
(0.56%)

988
(0.19%)

2.703*
(0.51%)

CVD (I20–I25) 36 970
(21.06%)

23 998
(13.48%)

33 971
(6.45%)

27 814**
(5.21%)

Stroke (I63, I64) 5164
(2.94%)

4429
(2.49%)

8250**
(1.57%)

7875**
(1.47%)

Diseases of arteries (I70–I79) 12 513
(7.13%)

9058
(5.09%)

17 621**
(3.35%)

13 605**
(2.55%)

Renal failure (N17–N19) 8148
(4.64%)

6684
(3.76%)

15 774**
(3.00%)

14 039**
(2.63%)

Overweight and obesity (E66) 8314
(4.74%)

8290
(4.66%)

10 913**
(2.07%)

13 526**
(2.53%)

Nicotine dependency (F17) 4.215
(2.40%)

1766
(0.99%)

6925**
(1.32%)

2422**
(0.45%)

We give group size, age and the absolute and relative frequencies of osteoporosis, use of other 
medications (insulin, metformin, fibrates) and comorbid conditions for males and females in the statin-
treated and control group, respectively.
**P<0.01; *p<0.05.
CVD, cardiovascular disease.

Figure 1  Age-dependent, sex-specific ORs for osteoporosis and statin 
use. Statin-related osteoporosis risks increase with younger age and 
female sex.

Figure 2  Dosage dependency of the statin—osteoporosis association. 
While low doses of statin can even be related to decreased osteoporosis 
risks, the disease risk clearly increases for higher doses.

the ORs for females were significantly increased with respect 
to males (p<0.01; see also online supplementary table S3). 
After stratifying the patients by their age in 10-year-intervals, 
we obtained similar results (osteoporosis being overrepresented 
in statin-treated individuals with significantly stronger effects in 
females than males) (see figure 1 and online supplementary table 
S3). In addition, figure 1 presents that in the age-class of 40–50 
years, the relationship between statin treatment and increased 
odds of osteoporosis is stronger than in all other age groups.

Comparison of the different dosages of statins in the 
diagnosis of osteoporosis
There is a highly non-trivial dependence of statin dosage 
with the odds of osteoporosis. For low dose statin treat-
ment (0–10 mg) osteoporosis is underrepresented in simvas-
tatin (OR: 0.70, 95% CI 0.56 to 0.86, p<0.01), lovastatin 
(OR: 0.39, 95% CI 0.18 to 0.84, p<0.05), pravastatin (OR: 
0.68, 95% CI 0.52 to 0.89, p<0.01) and rosuvastatin (OR: 
0.69, 95% CI 0.55 to 0.87, p<0.01). However, the relation-
ship between statin treatment and osteoporosis reverses with 
increased dosages. Particularly, this is the case for simvastatin, 
atorvastatin and rosuvastatin (note that for the remaining 
types of statin the patient numbers were too low to reliably 
estimate dosage -dependence) (see figure 2 and table 2). There 
we show that the diagnosis of osteoporosis was overrepre-
sented in the group treated with >40–60 mg of simvastatin 
per day (OR: 1.64, 95% CI 1.31 to 2.07, p<0.01) and further 
increased with the increase of the daily dosage (>60–80 mg 
simvastatin: OR: 3.30, 95% CI 2.36 to 4.62, p<0.01). The 
fact that the diagnosis of osteoporosis was overrepresented 
in higher dosages of statin treatment could be also observed 
for atorvastatin (>10–20 mg: OR: 1.35, 95% CI 1.11 to 
1.64, p<0.01; >20–40 mg: OR: 1.78, 95% CI 1.41 to 2.23, 
p<0.01; >40–60 mg: OR: 2.12, 95% CI 1.47 to 3.06, p<0.01; 
>60–80 mg: OR: 3.14, 95% CI 1.77 to 5.56, p<0.01) and for 
rosuvastatin (>20–40 mg: OR: 2.04, 95% CI 1.31 to 3.18, 
p<0.01); the detailed description of the relationship of the 
dosages of statins with the diagnosis of osteoporosis with frac-
ture is presented in online supplementary table S4. As demon-
strated in online supplementary table S6, age was homogenous 
distributed over the different groups of statins.

To investigate whether the dosage-dependent relationship 
between statin use and osteoporosis risk as shown in figure 2 
might be confounded by comorbidities such as arthritis, CVD, 
diseases of the arteries, stroke, diabetes, renal failure, nico-
tine dependence, overweight and obesity, and diseases possibly 
treated with corticosteroids such as asthma, Crohn’s disease 
or chronic obstructive pulmonary disease, we repeated the 
logistic regression analysis while excluding all patients with 
the given comorbidity, see online supplementary files (baseline 
tests, including online supplementary figures S2–S7). We find 
that the exclusion of these patients does not change the results 
qualitatively. All considered regression models have adjusted 
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Table 2  Individual statin dosage-dependent ORs of osteoporosis (95% CI) obtained from the logistic regression model

All Lovastatin Fluvastatin Pravastatin Simvastatin Atorvastatin Rosuvastatin

0–10 mg 0.39* 1.00 0.68** 0.70** 1.04 0.69**

CI 0.18 to 0.84 1.00 to 1.00 0.52 to 0.89 0.56 to 0.86 0.86 to 1.25 0.55 to 0.87

10–20 mg 1.06 0.59** 0.87 0.83 1.35** 0.90

CI 0.68 to 1.64 0.42 to 0.82 0.70 to 1.07 0.68 to 1.02 1.11 to 1.64 0.71 to 1.15

20–40 mg 1.59 0.85 1.01 1.07 1.78** 2.04**

CI 0.83 to 3.07 0.69 to 1.04 0.81 to 1.26 0.87 to 1.32 1.41 to 2.23 1.31 to 3.18

40–60 mg 0.91 1.64** 2.12**

CI 0.74 to 1.11 1.31 to 2.07 1.47 to 3.06

60–80 mg 1.09 3.30** 3.14**

CI 0.87 to 1.35 2.36 to 4.62 1.77 to 5.56

Adj. R2 0.94 0.94 0.94 0.93 0.95 0.94

Max. VIF 4.21 3.26 3.04 2.74 2.87 3.29

**P<0.01; *p<0.05.
The bold values represent the significant results.
VIF, variance inflation factor.

R-squared statistics from the range 0.71–0.96 (see table 2 and 
online supplementary table S5). To test for multicollinearity, 
we considered the VIF for each variable and found the 
maximum value to be 4.21, indicating that multicollinearity is 
not an issue in the data (see table 2 and online supplementary 
table S5).

Sex-specific analysis
In a sex-specific analysis, the obtained results could be confirmed 
with slight differences as described in detail in the online supple-
mentary material (see online supplementary table S5 and figure 
S1.

Discussion
The aim of the present study was to investigate the relationship 
of statin therapy with osteoporosis. Our results showed that 
osteoporosis was overrepresented in statin-treated patients in 
the general study population. Thus, by splitting the study cohort 
in the different kinds of statins and dosages, there was a dose-
dependent relationship with a diagnosed osteoporosis. There-
fore, our results which showed that the diagnosis of osteoporosis 
was overrepresented in high-dose and underrepresented in low-
dose statin treatment seem to be of great importance as they first 
show that it is important to analyse the different dosages and 
substances of statins.

Several studies have investigated whether HMG-CoA reduc-
tase inhibition, the main mechanism of statins, affects BMD. 
However, one of the main limitations of existing studies is that 
they did not investigate the relationship between the different 
kinds of statins (including potency and dosages) and the occur-
rence of osteoporosis in detail. A recent meta-analysis concluded 
that statin treatment had a tendency towards a positive effect 
on the reduction of fracture risk and marked improvement of 
BMD in statin-treated patients.3 A large meta-analysis conducted 
in Taiwan, including 45 342 patients in the statin cohort and 
115 594 patients in the control cohort, stated that statin therapy 
correlates with a decreased risk of osteoporosis when taken daily 
over a longer period of time, however, also not accounting for 
the different types of statins and their dosages.7 In the present 
study, there was an increased risk of being diagnosed with osteo-
porosis in the general study population of statin-treated patients 
when compared with controls. However, the risk of being 
diagnosed with osteoporosis under statin-treatment decreased 
as a function of age, which could indicate that a longer statin 

treatment could be related to a lower occurrence of the diagnosis 
of osteoporosis. To the best of our knowledge, this is the first 
study which shows that it is important to consider the different 
kinds of substances and dosages when investigating the relation-
ship of osteoporosis and statin therapy. Therefore, we could 
show that low-dose statin treatment with daily dosages lower or 
equal to 10 mg of pravastatin, lovastatin, simvastatin and rosu-
vastatin was related to an underrepresentation of osteoporosis. 
Lin et al also compared different types of statins but did not 
investigate the effects of different daily dosages of the statins on 
the prevalence rate of osteoporosis. Thus, in their study, they 
investigated the effect of statins on the probability of developing 
new-onset osteoporotic fractures (NOFs) and concluded that a 
therapy with rosuvastatin and atorvastatin was related to a risk 
reduction of NOFs, significantly stronger when compared with 
simvastatin treatment.8 However, our results demonstrate that it 
is important to analyse the different kinds and dosages of statins. 
Rejnmark et al compared 124 655 fracture cases with 373 962 
controls and found out that patients who had a fracture were 
less likely to use statins than the controls.19 In accordance with 
these findings, the present study also demonstrates an underrep-
resentation of osteoporosis in statin-treated patients, but only in 
patients on low dose statin therapy and not on high dose treat-
ment of at least 1 year. Therefore, the increase of the dosage of 
statins was related to an overrepresentation of osteoporosis. A 
retrospective cohort study by Ward et al also omitted specifying 
the type of statin when comparing the fracture incidence of 6967 
patients taking statins vs an equal number of controls. About 
one third of the patients received maximum dosages for simvas-
tatin, pravastatin and atorvastatin, which were defined as 80 mg, 
and 40 mg for rosuvastatin. Although statins seem to decrease 
the risk of femoral neck fractures, there was no difference in 
the overall fracture risk when compared with the controls.20 In 
light of numerous publications presenting rather heterogenous 
results while pursuing the same research question, we attempted 
to propose additional explanations for the observed discrepan-
cies. Likely causes for different conclusions about whether or not 
statins are beneficial for bone health among various studies might 
be genetic determinants concerning CYP19A1/aromatase levels21 
as this enzyme is responsible for the peripheral conversion of 
testosterone to oestrogen. It is a well-known fact that females are 
more commonly diagnosed with osteoporosis when compared 
with males, which was also the case in the present study. Further-
more, it is also known that the risk of osteoporosis, including 
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a higher risk of bone fractures, is especially high in postmeno-
pausal women.22 In the postmenopausal state, oestradiol plays a 
crucial role in the maintenance of BMD23 and, thus, one has to 
keep in mind that oestrogens are cholesterol derivates24 and play 
a significant role in bone metabolism by inhibiting bone resorp-
tion.25 Thus, whether higher dosages of statins could inhibit 
the synthesis of sex hormones, via HMG-CoA-reductase inhi-
bition, is of special interest, as we could show that an increase 
in the dosages of statins was related to an exaggerated increase 
and overrepresentation of diagnosed osteoporosis cases in the 
whole study population, and additionally significantly stronger 
in women than when compared with men. Women, especially 
due to lower oestrogen levels in the post menopause, are more 
likely to have an insufficient BMD.26 27 In men, free testosterone 
levels are positively associated with higher levels of BMD and 
inversely related to bone turnover markers.28 The sex-specific 
differences in the pathogenesis of osteoporosis, a decreased 
activity of osteoblasts in men and an increased bone resorp-
tion due to a lack of oestrogen in women, would support the 
theory posed above.3 In mice models, statins have been shown 
to reduce plasma levels of testosterone, oestradiol and proges-
terone, while raising levels of follicle stimulating hormone and 
luteinising hormone at the same time;29 similar results have also 
been presented in cell lines.30 In the Rotterdam study, the effect 
of statins in 4166 men on sexual hormones was investigated 
and the authors could prove that statin treatment was related 
to lower serum total and non-sexual hormone-binding globulin 
(SHBG)-bound testosterone levels.31 Lower testosterone levels 
under statin therapy were also observed in other studies.15–17 
Another study has shown that higher levels of SHBG are asso-
ciated with a decrease in BMD.28 Taken together, these findings 
suggest a connection between sex hormone levels and statins in 
the pathogenesis of osteoporosis.

There are limitations and strengths in the present study which 
have to be discussed. Limitations of our study include that the 
data extracted from the patient contingent only show the current 
dosage the patients are taking. However, only patients who 
had a statin treatment for a minimum of 1 year were included. 
Another limitation is that we could not confirm the diagnosis 
of osteoporosis, for example, with bone densitometry data, and 
that we had no access to relevant treatments such as corticoste-
roids, hormonal replacement therapy or bisphosphonates. Addi-
tionally, one has to keep in mind that diseases such as CVD, 
which are commonly treated with statins, are related to other 
diseases and conditions such as diabetes, physical inactivity, nico-
tine abuse or lack of hormone treatment in the menopause, all 
factors directly related to osteoporosis. A strength is that the 
compliance of the patients could be evaluated due to the data 
about the prescriptions of statins per year. Another strength is 
that the study investigated the general Austrian population and, 
therefore, the number of statin-treated patients is high.

Conclusion
In conclusion, our data suggest that osteoporosis is overrep-
resented in high-dosage, but underrepresented in low-dosage 
statin treatment. Guidelines for cholesterol lowering therapies 
for prevention of cardiovascular complications advise to reduce 
plasma low-density lipoprotein (LDL-cholesterol) levels as low 
as 70 mg/dL in high risk populations.12 We propose that moni-
toring high-risk patients, that is, postmenopausal female patients 
under high-dosage statin therapy, might be useful in order to 
offer an individual therapy to prevent or treat osteoporosis. 
Thus, larger and prospective studies with a focus on dosages of 

statins should be conducted in order to clarify the relationship 
with osteoporosis.
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Key messages

What is already known about this subject?
►► Biologics treatment with tumour necrosis 
factor alpha inhibitors is efficacious in patients 
with juvenile idiopathic arthritis, though many 
patients flare upon cessation of therapy despite 
achieving clinical inactivity.

►► There is lack of scientific understanding and 
definitive biological markers to discriminate 
patients who will relapse from those who 
will remain in stable remission after therapy 
withdrawal.

What does this study add?
►► This study demonstrates that an inflammatory 
subset of CD4 memory cells deficient in immune 
checkpoint receptors is present in patients who 
will relapse.

►► T-effector diversification occurs during overt 
flare in relapse patients.

How might this impact on clinical practice or 
future developments?

►► Tracking of these dysregulated CD4 memory 
subsets may aid in clinical therapeutic 
management of patients under therapy, and 
understanding its mechanisms may provide 
an avenue for future precision therapeutic 
developments.

Abstract
Objectives  Biologics treatment with antitumour 
necrosis factor alpha (TNFα) is efficacious in patients 
with juvenile idiopathic arthritis (JIA). Despite displaying 
clinical inactivity during treatment, many patients will 
flare on cessation of therapy. The inability to definitively 
discriminate patients who will relapse or continue to 
remain in remission after therapy withdrawal is currently 
a major unmet medical need. CD4 T cells have been 
implicated in active disease, yet how they contribute to 
disease persistence despite treatment is unknown.
Methods  We interrogated the circulatory reservoir of 
CD4+ immune subsets at the single-cell resolution with 
mass cytometry (cytometry by time of flight) of patients 
with JIA (n=20) who displayed continuous clinical 
inactivity for at least 6 months with anti-TNFα and were 
subsequently withdrawn from therapy for 8 months, 
and scored as relapse or remission. These patients 
were examined prior to therapy withdrawal for putative 
subsets that could discriminate relapse from remission. 
We verified on a separate JIA cohort (n=16) the 
dysregulation of these circulatory subsets 8 months into 
therapy withdrawal. The immunological transcriptomic 
signature of CD4 memory in relapse/remission patients 
was examined with NanoString.
Results  An inflammatory memory subset of 
CD3+CD4+CD45RA−TNFα+ T cells deficient in immune 
checkpoints (PD1−CD152−) was present in relapse 
patients prior to therapy withdrawal. Transcriptomic 
profiling reveals divergence between relapse and 
remission patients in disease-centric pathways involving 
(1) T-cell receptor activation, (2) apoptosis, (3) TNFα, (4) 
nuclear factor-kappa B and (5) mitogen-activated protein 
kinase signalling.
Conclusions  A unique discriminatory immunomic 
and transcriptomic signature is associated with relapse 
patients and may explain how relapse occurs.

Introduction
Targeted therapy of juvenile idiopathic arthritis 
(JIA) with antitumour necrosis factor alpha (TNFα) 
biologics is efficacious, with 70%–80% responders 
and up to 50% achieving clinical inactivity on long-
term treatment.1 2 While sustained immune suppres-
sion through anti-TNFα is generally well tolerated, 
clinicians seek to achieve clinical remission off medi-
cation to reduce risk of general infection, adverse 

events and financial burden.2 Drug withdrawal in 
patients who attain clinical inactivity is complicated 
by the fact that 50%–80% of patients relapse on 
therapy discontinuation.3 4 This phenomenon indi-
cates that relapse patients who have attained clinical 
inactivity on medication, as defined by the Wallace 
criteria,5 continue to experience subclinical inflam-
mation and persistence of disease without overt 
presentation of clinical symptoms. Conversely, 
patients who achieve clinical remission off medica-
tion could be spared long-term drug effects. As such, 
there is a clinical need to address how discontinuing 
anti-TNFα therapy can be safely implemented, as 
well as a scientific need to understand the immune 
mechanisms related to relapse.
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The pathogenesis of JIA remains widely debated.6 Unsuper-
vised genome-wide association studies and pathway analysis 
have highlighted the role of CD4 T-helper cell populations in 
autoimmune disease progression.7 CD4 T cells were shown 
to infiltrate the synovium microenvironment,8–11 and corre-
sponding pathogenic CD4 HLA-DR+ T-effector and regula-
tory subsets possessing strong immune phenotypic and T-cell 
receptor (TCR) activation correlation with synovial T cells have 
been found recirculating in the blood during active inflamma-
tion.12 13 Furthermore, epigenetic histone modifications asso-
ciated with enhancer functions have been detected in CD4 T 
cells of patients with JIA.14 Using network analysis of DNA 
CpG methylation sites in total CD4 T cells, we have previously 
demonstrated that T-cell activation pathways are associated with 
clinical fate on anti-TNFα withdrawal.15 However, the identity 
of the specific pathogenic CD4 subset that maintains subclinical 
disease persistence remains elusive.

In this study, we exploited the high-dimensional single-cell 
resolution capabilities of cytometry by time of flight (CyTOF) 
and patient samples from a well-defined clinical cohort with 
the objective of uncovering CD4 T-cell subsets responsible for 
disease persistence. Patients with JIA who maintained clinical 
inactivity under anti-TNFα for at least 6 months were subse-
quently withdrawn from therapy. These patients were rigorously 
scored for their disease activity across 8 months, and their clin-
ical outcome was defined as relapse or remission. We investi-
gated the circulatory immunome of these patients with JIA to 
determine the immunological differences at the core of the 
dichotomic clinical fates. These differences may help provide a 
framework for understanding the mechanisms of disease relapse 
on drug withdrawal, thus enabling a knowledge-based guidance 
for clinical management while proposing some potential new 
targets for intervention.

Materials and methods
Samples
Peripheral blood mononuclear cells (PBMCs) were obtained 
from patients with polyarticular JIA recruited through the 
“Determining Predictors of Safe Discontinuation of Anti-TNF 
treatment in JIA” trial (ID: NCT00792233).16 Patients treated 
with anti-TNFα biologics and shown to be in an inactive disease 
state for 6 months were enrolled into the study. Clinical inac-
tivity was defined by Wallace et al criteria5: (1) absence of active 
joints; (2) lack of fever, rash and serositis attributable to JIA; (3) 
no active uveitis; (4) within normal range of erythrocyte sedi-
mentation rate (ESR) unless attributable to JIA; (5) physician 
global disease activity of ≤0.5 (Likert-like scale); and (6) dura-
tion of morning stiffness of ≤15 min. On enrolment, patients 
are withdrawn from anti-TNFα therapy and accessed through 
monthly clinical visits for a study period of 8 months. Clinical 
outcome is designated as relapse or remission depending on six 
core JIA parameters: (1) number of active joints, (2) number of 
joints with loss of motion, (3) medical doctor global assessment 
of current disease activity (Likert-like scale), (4) patient/parent 
global assessment of overall disease severity in the prior week 
(Likert-like scale), (5) a validated measure of physical function 
childhood health assessment questionnaire (CHAQ) and (f) ESR. 
A patient was considered to be experiencing a relapse if there 
was ≥30% worsening in more than three of the six JIA core 
parameters, with no more than one parameter improving by 
>30%.1 17 For remission individuals, they would have achieved 
≥14 months of clinical inactivity from prior recruitment to study 
end. PBMCs were interrogated by CyTOF from patients (n=20) 

prior to withdrawal and were designated as (To), and separately 
from another batch (n=16) at the end of 8 months after with-
drawal were designated as (Tend). Patient PBMCs (n=12) were 
also sorted for CD3+CD4+CD45RO+CD45RA− for NanoS-
tring analysis. The demographics/medication history profile of 
patients with JIA withdrawn from therapy and sample usage 
breakdown is shown in online supplementary table S1.

Age-matched healthy controls (n=69) were recruited through 
the Precision Rheumatology International Platform (PRIP) study 
conducted at the KK Women’s and Children’s Hospital (KKH). 
These controls have no indication of inflammation and PBMCs 
were isolated pre-operatively from patients scheduled for day 
surgeries. Healthy PBMCs were examined with CyTOF (n=10), 
NanoString (n=3) or age-matched strata cross validation for 
receiver operating characteristic (ROC) curve (n=56).

Paired treatment naive/post-treatment patients with JIA (n=4) 
were also recruited through the study “A Precision Medicine 
Approach to Understand and Predict Responsiveness to Therapy 
in Human Arthritis” conducted in KKH for NanoString analysis. 
These patients with active JIA were initially treatment naive to 
anti-TNFα and, after a 6-month drug course, exhibited treat-
ment susceptibility determined by complete absence of active 
joints. The demographics/medication history profile of patients 
with JIA is shown in online supplementary table S2.

Additional methodological details are available as online 
supplementary information.

Results
CD4+CD45RA−TNFα+ T cells were present in patients with JIA 
prior to relapse
Dsyregulated CD4 T cells are thought to contribute to JIA 
pathogenesis.8–13 We interrogated the circulatory CD4 land-
scape of patients with JIA (n=20) prior to therapy withdrawal 
to understand why certain individuals relapse. At this stage, 
the patients were clinically scored to be inactive for 6 months; 
thus, patients who will relapse or remain in remission were 
clinically indistinguishable prior to withdrawal. We assessed 
the PBMCs with a CyTOF panel consisting of 31 functional, 
6 lineage markers (online supplementary table S3) and CD45 
barcoding to facilitate pooling of individuals.18 Batch variability 
in staining was monitored through an internal biological control 
(online supplementary figure S1). The debarcoded CD3+CD4+ 
T cells were exported and normalised for cell events, and the 
31 markers were dimensionally reduced with MarVis onto a 
bivariate X–Y axis through t-distributed stochastic neighbour 
embedding (t-SNE) (online supplementary figure S2). Clus-
tering with k-means segregated the CD4 cells into distinct nodes 
(figure 1A), and we detected an enrichment (p<0.01) in node 22 
for patients who will relapse that represents CD4+CD45RA−T-
NFα+IFNγ−CD152−PD1− T cells (figure  1A–C). This was 
further verified with a separate clustering method, FlowSoM 
(online supplementary figure S3). To ensure the results were not 
due to clustering artefacts, we manually gated the preclustering 
flow cytometry standard (FCS) files (figure 1D, gating strategy 
in online supplementary figure S4) and determined significant 
(p<0.05) upregulation in CD4+CD45RA− memory subsets that 
was restricted within the TNFα+ compartment. In particular, 
relapse patients were enriched for CD4+CD45RA−TNFα+ T 
cells, which were absent for IFNγ expression, and were notably 
deficient in immune checkpoints (PD1/CD152). We inves-
tigated the relationship of the dysregulated T effectors and 
immune checkpoint expression within the memory compart-
ment (figure 1E). There was a stronger positive correlation of 
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Figure 1  Perturbation in CD4 landscape in patients with JIA who will relapse. Circulatory CD3+CD4+ cells from patients with JIA (n=20; relapse=9, 
remission=11) prior to therapy withdrawal were stained with 31 functional markers in cytometry by time of flight and were dimensionally reduced 
onto a bivariate X–Y axis scale with t-SNE. (A) The t-SNE map is segregated into 28 distinct nodes with k-means, and node 22 is highlighted (red-
dotted box). (B) The distribution of relative cell frequency in relapse or remission patients across the nodes is shown, with node 22 significantly 
higher (p<0.01) in relapse individuals. (C) The phenotypic expression of markers is shown for node 22 (red-dotted box). (D) Supervised gating of 
the preclustering FCS files validates the relevant CD4 memory cellular subsets in relapse versus remission individuals. (E) Correlation analysis of 
CD45RA−TNFα+ versus CD45RA−CD152−/PD1− or CD45RA−CD152+/PD1+ as percentage of CD3+CD4+ cells across patients with JIA. (F) Percentage of 
TNFα+ cells in CD45RA−CD152−/PD1− or CD45RA−CD152+/PD1+ compartment. Correlation analysis of CD45RA−TNFα+ versus (G) CD45RA−CD152−/
PD1− or (H) CD45RA−CD152+/PD1+ as percentage of CD3+CD4+ cells across relapse or remission patients. Comparison of cellular subsets performed 
with Mann-Whitney U, unpaired or paired two-tailed test, means±SD. *p<0.05, **p<0.01, ****p<0.0001. Correlation analysis performed with 
Pearson correlation, two-tailed test. IFN, interferon; TNFα, tumour necrosis factor alpha; t-SNE, t-distributed stochastic neighbour embedding.

CD45RA−TNFα+ with CD45RA−CD152−PD1− (r=0.8257) as 
opposed to CD45RA−CD152+PD1+ (r=0.5987) cells across the 
patients. The percentage of TNFα+ cells was significantly higher 
(p<0.0001) in CD45RA−CD152−/PD1− cells (figure 1F). While 
relapse patients showed a perceptible increase in T effectors in 
the absence CD152/PD1, there was a marked drop to upregulate 
CD152/PD1 as compared with remission patients (figure 1G,H).

Analysis of the CD4+TNFα+ healthy landscape unveils 
subclinical T-effector diversification in relapse patients
To validate the previously mentioned findings and to inves-
tigate the possibility of disease-centric CD4+ cellular subsets 
that are masked by comparing JIA relapse/remission individ-
uals, we included age-matched paediatric healthy controls. 
CD4+TNFα+ T cells from JIA relapse/remission (n=20) prior 
to withdrawal or healthy individuals (n=10) were compared 

with further delineated key differences within the T-ef-
fector compartment. Patients with JIA who will relapse were 
enriched (p<0.05) for node 17 against remission individuals 
(figure 2A,B) and additionally for nodes 17, 13 and 18 against 
healthy controls (p<0.05) (figure  2C,D). Node 17 reaffirms 
relapse individuals are enriched for CD4+CD45RA−TNFα+IF-
Nγ−CD152−PD1− T cells (figure 2E,F) as compared with remis-
sion or healthy individuals. Additionally, node 13 (figure 2E) 
represents CD4+CD45RA−TNFα+IFNγ−CD152−PD1− T cells 
that are also interleukin (IL)-6+. Supervised gating (figure 2G 
gating strategy in online supplementary figure S4) validated 
that relapse individuals are enriched (p<0.001) with CD4+C-
D45RA−TNFα+IL-6+ as compared with healthy individuals. 
The intensity of TNFα was significantly higher (p<0.0001) 
in CD45RA−IL-6+ as opposed to IL-6− cells (figure 2H), and 
relapse individuals had a higher fold increase (p<0.05) in 
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Figure 2  Subclinical T-effector diversification in relapse individuals. CD4+TNFα+ cells from patients with JIA (n=20; relapse=9, remission=11) 
prior to therapy withdrawal and healthy paediatric controls (n=10) were analysed through t-SNE. (A) The CD4+TNFα+ t-SNE MAP is segregated into 
21 nodes with enrichment in (B) node 17 (p<0.05) for relapse as compared with remission individuals and (C,D) node 17, 18 and 13 (p<0.05) for 
relapse as compared with healthy individuals. (E) The phenotype expression is shown for node 17, 18 and 13 (red-dotted boxes and arrowheads). (F) 
Supervised gating of preclustering FCS files validates the relevant CD4 memory cellular subsets in relapse versus healthy individuals. (G) Supervised 
gating of CD4+CD45RA−TNFα+IL-6+ cells in relapse/remission/healthy individuals. (H) Relative TNFα intensity in CD45RA−IL-6+ or CD45RA−IL-6− cells. 
(I) Fold difference (FD) in TNFα intensity in CD45RA−IL-6+ over CD45RA−IL-6− cells in relapse/remission/healthy individuals. Comparison of cellular 
subsets performed with Mann-Whitney U, unpaired or paired two-tailed test, means±SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. IFN, 
interferon; IL, interleukin; ns, not significant; TNFα, tumour necrosis factor alpha; t-SNE, t-distributed stochastic neighbour embedding.
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TNFα in CD45RA−IL-6+ cells as compared with remission or 
healthy individuals.

Overt T-effector diversification during flare manifestation and 
quiescence in stable remission
We have observed the presence of CD4 memory T cells in patients 
prior to relapse. To examine this phenomenon further, we inter-
rogated the CD4 landscape of an independent batch of JIA indi-
viduals (n=16) withdrawn from therapy for 8 months that either 
developed flare or remained in stable remission. Relapse (in 
flare) patients exhibited the emergence of a previously subclin-
ical CD4+CD45RA−TNFα+IL-6+ subset (figure 3A–D, node 7) 
as compared with patients who remained in remission after 8 
months of withdrawal. To determine the state of immunological 
quiescence in remission (To: prior withdrawal, Tend: 8 months’ 
withdrawal) patients, we gated for the relevant dysregulated 
CD4+CD45RA−TNFα+ subsets and found no difference as 
compared with healthy individuals (figure 3E). The CD4 land-
scape of remission patients (To/Tend) as compared with healthy 
individuals revealed mostly similar profiles (figure  3F) except 
for nodes 17 and 1 enriched in remission To or Tend patients, 
respectively. Both nodes were absent for TNFα, with node 17 
exhibiting CD45RA+ and node 1 expressing the CD45RA−/+CX-
CR3+CCR6+ phenotype (figure 3G).

Corresponding increase of memory Tregs and CD45RA−TNFα+ 
prior to relapse
As Tregs have been previously implicated in JIA pathogen-
esis,11 13 19–21 we examined their role in patients with JIA 
prior/after therapy withdrawal (figure 4A,B; gating strategy in 
online supplementary figure S4). While no differential total 
Treg frequencies was detected, we observed higher levels of 
CD45RA−Treg (p<0.0001) in patients with JIA prior to relapse. 
We further verified this with t-SNE analysis of Tregs from 
relapse/remission patients prior to withdrawal and determined 
an enrichment for CD45RA−CD152+CD127−Tregs for relapse 
individuals (figure 4C,D). While no correlation (r=0.1532) with 
total Tregs was observed for CD45RA−TNFα+ cells (figure 4E), 
there was a positive correlation (r=0.6017) with CD45RA−Treg.

Transcriptomic divergence in disease-centric pathways that 
persists despite therapy
We have previously shown that patients with JIA who developed 
active disease on therapy withdrawal have stable epigenetic DNA 
CpG modifications in CD4 T cells that predisposed towards 
T-cell activation and TCR signalling.15 We wanted to investi-
gate if CD4 memory T cells from JIA relapse/remission patients 
were differential in transcriptomic profile when their TCR is 
activated. We sorted for CD3+CD4+CD45RA−CD45RO+ T 
cells (online supplementary figure S5), stimulated 24 hours with 
anti-CD3/CD28, and profiled 579 immunological genes through 
NanoString. Functional gene enrichment analysis (DAVID) of 
JIA relapse (n=6) or remission (n=6) patients versus healthy 
individuals (n=3) identified five common disease-centric path-
ways that persisted from prior to after withdrawal of therapy 
(online supplementary figure S6 and tables S4 and S5). Dysreg-
ulation in UBE2L3, IL-6, STAT4, TYK2, TNFAIP3 and PTPN2 
were found in both relapse and remission individuals, have 
been previously associated with JIA.22 23 We examined through 
Cytoscape and Reactome database for the gene associations 
involved in the five pathways (figure 5A–E): (1) TCR activation, 
(2) apoptosis, (3) TNFα, (4) nuclear factor-kappa B (NF-κB) 
and (5) mitogen-activated protein kinase (MAPK) signalling, 

and found a considerable overlap between relapse and remis-
sion individuals. This overlap of pathways in patients with 
relapse/remission JIA may arise from their shared susceptibility 
to clinical control with continued anti-TNFα therapy. Indeed, 
we observe a similar disease-centric pathway persistence in a 
separate cohort of patients with JIA (n=4) that are responsive 
to anti-TNFα therapy, from the point of pretreatment (active) 
until post-treatment (recent clinical inactivity) (online supple-
mentary figures S7and S8 and table S3 and S6). Despite this 
overlap, we detected selective divergence within these pathways 
(figure  5A–E), with remission individuals expressing higher 
levels of FYN, TNFRSF9, CASP1, TRAF1 and IKBKE, which are 
involved in the termination or resolution of these pathways.24–33

CD4+CD45RA−TNFα+ discriminates clinical fate prior to 
withdrawal of therapy
We explored whether disease or remission duration of patients 
with JIA (n=39) prior to study enrolment could differentiate 
clinical fate, and found no significant difference between patients 
with relapse JIA or patients with remission JIA (figure 6A–D). 
As we have shown that an inflammatory memory subset of 
CD4+CD45RA−TNFα+ is present in relapse individuals prior 
to therapy withdrawal, we tested whether this could afford for 
discrimination in clinical fate. There was a significant difference 
(p<0.001) in the ratio of CD45RA−TNFα+/CD45RA+TNFα+ 
cells in relapse as compared with remission individuals prior 
to therapy withdrawal, allowing for an ROC curve of area 
under the curve (AUC)=0.9394 (figure 6E,F). As age could be 
a serious potential cofounder for immunological memory, we 
determined that, in the relevant age groups (7–14 years), there 
was no significant difference in CD45RA− or CD45RA−TNFα+ 
cells among healthy individuals (n=56) (figure 6G,H). Relapse 
individuals had significantly higher CD45RA−TNFα+ cells as 
compared across all the relevant age groups in healthy individ-
uals (figure 6H).

Discussion
With a large proportion of patients with JIA achieving clinical 
inactivity as a result of efficacious treatment with anti-TNFα 
biologics,2 it becomes increasing pertinent to address the lack 
of definitive withdrawal guidelines. Here, we investigated 
with CyTOF the heterogenous CD4 landscape of patients who 
achieved clinical inactivity prior to therapy withdrawal. We have 
identified for the first time an inflammatory CD4 memory subset 
(CD3+CD4+CD45RA−TNFα+) that remains elevated in patients 
with JIA prior to relapse, and could notably discriminate clinical 
fate prior to therapy withdrawal (AUC=0.939).

Remarkably, the presence of this inflammatory subset, despite 
therapy, was associated with a deficit in immune checkpoint 
(PD1−CD152−). This is consistent with the phenomenon of 
rheumatic immune-related adverse events, where the application 
of immune checkpoint therapy (anti-PD1/anti-CD152) in cancer 
results in rheumatic diseases.34 The presence of this inflamma-
tory subset was further verified when we separately compared 
relapse against healthy non-JIA individuals. The CD4+TNFα+ 
healthy landscape helped reveal the subclinical diversification 
of T-effector mechanisms in relapse individuals, with the emer-
gence of CD3+CD4+CD45RA−TNFα+PD1−CD152− T cells 
that are IL-6+. Particularly, CD4+CD45RA− T cells that are 
IL-6+ express higher levels of TNFα. Recently, a case series of 
three patients with cancer and developed severe polyarthritis 
following immune blockade therapy, reported successful treat-
ment with tocilizumab (anti-IL-6).35 This reflects a level of 
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Figure 3  Emergence of T-effector diversification in flare manifestation and quiescence in stable remission. (A–D) CD4+ T cells from patients with 
JIA (n=16; relapse=9, remission=7) withdrawn from therapy for 8 months were analysed with t-SNE. (A) The t-SNE MAP is segregated into 24 nodes; 
node 7 is highlighted (blue-dotted box). (B) The distribution of relative cell frequency across the nodes is shown, with node 7 enriched (p<0.05) in 
relapse individuals, exhibiting (C) the CD4+CD45RA−TNFα+IL-6+IFNγ− phenotype (node7: red-dotted box and arrowhead). (D) Supervised gating of 
preclustering FCS files for CD4+CD45RA−TNFα+IL-6+ in relapse and remission patients. (E) Supervised gating of relevant CD4+CD45RA−TNFα+ subsets 
in remission patients (to: prior to withdrawal or tend: 8 months after withdrawal) or healthy individuals. (F,G) CD4+ T cells from JIA remission patients
(n=18; To=11, Tend=7) and healthy controls (n=10) were analysed with t-SNE. (F) The distribution of relative cell frequency across the nodes is shown, 
with node 17 enriched (p<0.05) in remission to and node 1 enriched (p<0.05) in remission tend as compared with healthy individuals. (G) Nodes 1 and 
17 phenotypes are depicted. Comparison of cellular subsets performed with Mann-Whitney U, two-tailed test, means±SD. *p<0.05, **p<0.01. IFN, 
interferon; IL, interleukin; ns, not significant; TNFα, tumour necrosis factor alpha; t-SNE, t-distributed stochastic neighbour embedding.

http://ard.bmj.com/


1718 Leong JY, et al. Ann Rheum Dis 2019;78:1712–1721. doi:10.1136/annrheumdis-2019-216059

Paediatric rheumatology

Figure 4  Corresponding increase of memory Tregs and CD45RA−TNFα+ prior to relapse. Supervised gating of Tregs and CD45RA−Tregs in patients 
with JIA (A) prior (n=20) and (B) after withdrawal (n=16) of therapy. (C–D) Tregs cells from patients with JIA (n=20; relapse=9, remission=11) prior to 
withdrawal were analysed with t-SNE and (C) segregated into four nodes, with node 3 (p<0.05) enriched in relapse individuals. (D) Phenotype of node 
3 is depicted (red-dotted box and arrowhead). (E) Correlation analysis of frequency of Tregs or CD45RA−Tregs with CD45RA−TNFα+. Comparison of 
cellular subsets performed with Mann-Whitney U, two-tailed test, means±SD. *p<0.05, ****p<0.0001. Correlation analysis performed with Pearson 
correlation, two-tailed test. ns, not significant; TNFα, tumour necrosis factor alpha; t-SNE, t-distributed stochastic neighbour embedding.

commonality between inflammatory and disease resolution 
mechanisms operating in autoimmune disorders and cancer.

We further examined a separate cohort of patients with JIA 
who developed flare or remained in remission 8 months into 
withdrawal of therapy, and verified the overt presence of T-ef-
fector diversification (CD45RA−TNFα+IL-6+) during flare. 
Whereas in patients who continued to remain in remission 8 
months into withdrawal, there was no differential display of any 
CD45RA−TNFα+ subsets as compared with the healthy CD4 
landscape, though a CD4+CXCR3+CCR6+ subset was detected. 
It remains speculative if the CD4+CXCR3+CCR6+ subset seen 
in remission patients is an early disease-driven subset or side 
effect of therapy as it extends beyond the scope of the study 
and will require a longer follow-up duration. In rheumatoid 
arthritis, the CD4+CXCR3+CCR6+ subset is known to express 
high levels of IFNγ with poor secretion of IL-17A,36 though we 
did not observe any associated cytokine profile in our remission 
patients.

In patients prior to relapse, the prevalence of the inflam-
matory CD4+CD45RA−TNFα+ T cells within the T-effector 
compartment is parallel by a corresponding increase in CD4+C-
D45RA−CD152+ Tregs in the regulatory arm. This suggests 
there is a compensatory regulatory response towards subclin-
ical inflammation prior to relapse, though it remains to be seen 
whether the suppression suffices or is defective. Others have 
shown that synovium T effectors are resistant to Treg suppres-
sion,20 which can be alleviated in patients with JIA undergoing 

anti-TNFα therapy.37 Though it is noted that in a subset of 
patients, in vitro blockade of IL-6+ additionally alleviated T-ef-
fector resistance to Treg suppression.37

Transcriptomic profiling of immunological genes in response 
to TCR signalling reveals five common disease-centric pathways 
(TCR activation, apoptosis, TNFα, NF-κB and MAPK signal-
ling) in relapse/remission patients as compared with healthy 
controls. Separately, the same dysregulated pathways were also 
detected in patients with JIA that are treatment naive and later 
responsive to anti-TNFα therapy. This suggests that the disease 
pathways affected are likely an indication of susceptibility to 
anti-TNFɑ treatment rather than an artefact of prolonged medi-
cation. As the afflicted pathways remain dysregulated prior and 
after therapy withdrawal in both relapse and remission patients, 
exogenous therapy by sequestration of TNFα may accom-
plish little to re-establish healthy physiological TCR response. 
Despite this, we detected selective divergence in certain genes 
(eg, TRAF1) with these pathways that may aid in termination or 
resolution of TCR-induced signalling for remission individuals. 
Notably, disease association within the TRAF1-C5 locus38–40 
and epigenetic dysregulation within the TRAF1 locus of CD4 
T cells have been detected in patients with JIA.41 Studies using 
TRAF1−/− mice revealed a TRAF1 negative regulatory role in 
T-cell response to TCR and TNFα signalling.25 TRAF1−/− T cells 
show enhanced proliferation in response to TCR and TNFα 
stimulation resulting in NF-κB and AP-1 activation.25

http://ard.bmj.com/
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Figure 5  Transcriptomic divergence in disease-centric pathways that persist despite therapy. Genes enriched (p<0.05, fold difference >1.5) in 
patients with JIA (n=6 relapse or n=6 remission) that were persistent from prior to after therapy withdrawal, as compared with healthy individuals, 
were exported to David for functional gene-set enrichment, and gene associations were constructed with Cytoscape using the Reactome database. 
Five major pathways were dysregulated in relapse and remission patients with JIA compared with healthy controls: (A) TCR activation, (B) TNFα 
signalling, (C) NF-κB signalling, (D) apoptosis, (E) MAPK signalling (yellow=relapse/remission, blue=remission only). Genes enriched in remission 
individuals include 1, Fyn; 2, TRAF1; 3, TNFRSF9; 4, CASP1; and 5, IKBKE. MAPK, mitogen-activated protein kinase; NF-κB, nuclear factor-kappa B; 
TCR, T-cell receptor; TNFα, tumour necrosis factor alpha.

In summary, by applying a combination of high-dimensionality 
technologies, we have identified functional perturbations of the 
immunome in patients with arthritis who will relapse on with-
drawal for anti-TNFα therapy. These aberrations show that 

relapse of clinical disease relies on a foundation of complex and 
diverse interlacing immune mechanisms, which affect both the 
effector and regulatory arms of adaptive T-cell immunity. Our 
findings have an immediate translational valency. Indeed, there 
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Figure 6  CD4+CD45RA−TNFα+ discriminates clinical fate. Duration and ROC of (A,B) disease (months) or (C,D) remission (months) prior to 
study enrolment is compared among relapse (+=18) or remission (n=21) individuals. (E) The ratio of memory CD4+CD45RA−TNFα+ over naive 
CD4+CD45RA+TNFα+ of relapse or remission prior to withdrawal and healthy individuals is compared. Comparison of cellular subsets performed 
with Mann-Whitney U, two-tailed test, means±SD. *p<0.05. (F) ROC of ratio of CD4+CD45RA−TNFα+ over CD4+CD45RA+TNFα+ of relapse or 
remission prior to withdrawal. (G) CD3+CD4+CD45RA−CD45RO+ T cells were compared in healthy paediatric controls (n=56) across the relevant age 
groups of 7–8 years (n=17), 9–10 years (n=15), 11–12 years (n=16) and 12–14 years (n=8) or (H) against relapse (n=9) prior to therapy withdrawal 
for CD3+CD4+CD45RA−TNFα+. Comparison of cellular subsets performed with Kruskal-Wallis test, means±SD. AUC, area under the curve; ns, not 
significant; ROC, receiver operating characteristic; TNFα, tumour necrosis factor alpha.

is a potential diagnostic advantage42 in tracking these dysreg-
ulated CD4 subsets to affect clinical management of therapy 
withdrawal. Also, the occurrence of T-effector diversification 
in relapse patients and insights into key divergence in disease-
centric pathways for remission patients are mechanistically rele-
vant as, altogether, they define a cluster of deranged mechanisms 
that can be target of focused intervention.
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ABSTRACT
Objective  To investigate the characteristics and 
risk factors of a novel parenchymal lung disease (LD), 
increasingly detected in systemic juvenile idiopathic 
arthritis (sJIA).
Methods  In a multicentre retrospective study, 61 
cases were investigated using physician-reported clinical 
information and centralised analyses of radiological, 
pathological and genetic data.
Results  LD was associated with distinctive features, 
including acute erythematous clubbing and a high 
frequency of anaphylactic reactions to the interleukin 
(IL)-6 inhibitor, tocilizumab. Serum ferritin elevation and/
or significant lymphopaenia preceded LD detection. The 
most prevalent chest CT pattern was septal thickening, 
involving the periphery of multiple lobes ± ground-glass 
opacities. The predominant pathology (23 of 36) was 
pulmonary alveolar proteinosis and/or endogenous 
lipoid pneumonia (PAP/ELP), with atypical features 
including regional involvement and concomitant vascular 
changes. Apparent severe delayed drug hypersensitivity 
occurred in some cases. The 5-year survival was 42%. 
Whole exome sequencing (20 of 61) did not identify 
a novel monogenic defect or likely causal PAP-related 
or macrophage activation syndrome (MAS)-related 
mutations. Trisomy 21 and young sJIA onset increased 
LD risk. Exposure to IL-1 and IL-6 inhibitors (46 of 61) 
was associated with multiple LD features. By several 
indicators, severity of sJIA was comparable in drug-
exposed subjects and published sJIA cohorts. MAS at 

sJIA onset was increased in the drug-exposed, but was 
not associated with LD features.
Conclusions  A rare, life-threatening lung disease in 
sJIA is defined by a constellation of unusual clinical 
characteristics. The pathology, a PAP/ELP variant, 
suggests macrophage dysfunction. Inhibitor exposure 
may promote LD, independent of sJIA severity, in a 
small subset of treated patients. Treatment/prevention 
strategies are needed.

Introduction
Systemic juvenile idiopathic arthritis (sJIA) is 
a chronic, inflammatory disease of childhood, 
observed worldwide, with an incidence of 
0.4–0.9/100 000 in North America and Europe.1 A 
similar disease occurs in adults (adult-onset Still’s 
disease (AOSD); incidence: 0.2–0.4/100 000).2 
sJIA is characterised by a combination of arthritis, 

Key messages

What is already known about this subject?
►► Pleuritis is common in systemic-onset juvenile 
idiopathic arthritis (sJIA), but parenchymal lung 
disease (LD) is very rare, with sporadic reports 
and one multicentre series of 25 cases (Kimura 
et al, 2013) in the literature.
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Key messages

What does this study add?
►► In the last decade, increasing numbers of cases of high 
fatality, parenchymal LD are being detected worldwide, with 
a majority characterised by unusual clinical and radiological 
features, in association with a variant of pulmonary alveolar 
proteinosis/endogenous lipoid pneumonia.

►► Children with trisomy 21 and sJIA or with sJIA onset at 
<5 years are at increased risk of LD, and an unexplained 
association with anaphylaxis to tocilizumab is observed.

►► Prodromal features can include lymphopaenia, rising serum 
ferritin and evidence of drug hypersensitivity (peripheral 
eosinophilia, extensive atypical rash).

How might this impact on clinical practice or future 
developments?

►► This study highlights risk factors, prodromal features and 
clinical characteristics that should raise suspicion of LD, 
which otherwise can remain subclinical until severe and 
life-threatening.

►► Clinician awareness of delayed drug hypersensitivity to 
interleukin (IL)-1 and IL-6 inhibitors could lead to earlier 
recognition and management, including cessation of the 
implicated drug.

►► Pneumocystis pneumonia may complicate LD in sJIA; 
consideration of prophylaxis is warranted.

which can be destructive, and systemic inflammation, including 
daily fever spikes, evanescent macular rash and serositis. A life-
threatening complication (mortality rate: 8%–17% in sJIA)3 is 
overt macrophage activation syndrome (MAS). MAS is a form 
of secondary haemophagocytic lymphohistiocytosis (HLH) that 
manifests as a cytokine storm with very high serum ferritin and, 
in severe cases, organ failure. Therapies that antagonise cyto-
kines interleukin (IL)-1 and IL-6 were introduced into manage-
ment of sJIA ~15 years ago. This approach is rapidly effective in 
>65% of patients, implicating these inflammatory mediators as 
key drivers of sJIA.4–6

The usual pulmonary complications of sJIA are pleuritis and 
pleural effusion.1 7 Scattered case reports of other lung diseases 
(LDs) in sJIA have appeared.8–12 However, in the last decade, 
paediatric rheumatologists have increasingly detected cases 
with types of LDs rarely seen in sJIA previously. Kimura et al13 
described 25 cases that occurred before February 2011; diag-
noses included pulmonary arterial hypertension (64%), intersti-
tial LD (28%) and pulmonary alveolar proteinosis (PAP) (20%). 
sJIA course was considered severe, with MAS in 80%.

Here, we performed a multicentre, retrospective study of 61 
cases with centralised analyses of radiographic, pathological and 
genetic data to provide current characterisation of LD in sJIA or 
sJIA-like disease, search for early indicators and investigate risk 
factors.

Methods
Case definition and comparators
We used an operational sJIA case definition, developed by 
expert consensus as a modification of the International League 
of Associations for Rheumatology sJIA classification criteria.14 
Cases failing to meet the case definition but managed clinically 
like sJIA were classified as sJIA-like. We identified 61 patients 
with sJIA or sJIA-like disease and parenchymal LD through 

the Childhood Arthritis and Rheumatology Research Alliance 
(CARRA) network and the international paediatric rheuma-
tology listserv (administered by McMaster University, Ontario). 
Inclusion required verification of sJIA or sJIA-like illness, data 
at LD diagnosis, and parenchymal LD by chest CT and/or 
lung tissue, available for expert review. Comparator data were 
from physician-classified patients with sJIA without known LD 
enrolled in the CARRA registry (CR)15 between 2015 and 2018, 
or in the PharmaChild pharmacovigilance registry.16 See online 
supplementary figures S1A-B and S2 and online supplementary 
information for additional details.

Data collection
Data included demographics, medical history, and clinical 
features at sJIA onset, at LD diagnosis and at defined time points 
(visits) before and after LD diagnosis. RegiSCAR score for drug-
related eosinophilic systemic syndrome (DReSS) was calculated 
from clinical data.17 Online supplementary information includes 
details and definitions (online supplementary table S1).

Data analysis
Centralised analyses were performed for chest CT scans from 
58 of 61 subjects, histopathology from 36 of 61 subjects and 
whole exome sequence (WES) data from 20 subjects. R V.3.5.1 
program was used for all statistical analyses. Additional methods 
are in online supplementary information.

Results
Disease characterisation: features unusual for sJIA
The cohort included 45 cases of sJIA and 16 cases of sJIA-like 
disease; demographics (table 1) and findings prior to or associ-
ated with LD did not differ systematically between these two 
groups (online supplementary tables S2–S4). Demographics of 
the LD cohort are mostly similar to subjects with sJIA in the 
CR, with the notable exceptions of significantly lower median 
age at sJIA onset and significantly higher prevalence of trisomy 
21 (T21) (table 1). These findings are discussed further in the 
Candidate risk factors for parenchymal LD section.

Clinical features prior to LD and associated with LD are 
summarised in online supplementary tables S2 and S3, respec-
tively. At LD diagnosis, respiratory signs and symptoms were 
typically absent or subtle, although hypoxia was reported in 
43% and clinical pulmonary hypertension (PH) in 30%. Strik-
ingly, 61% of patients developed acute clubbing, sometimes as 
the first indicator of LD. In over half of these, digital erythema 
occurred (figure  1A–C). Other atypical features were pruritic, 
non-evanescent rashes in 56% (figure  1D–F), eosinophilia in 
37%, and unexplained, severe abdominal pain in 16% (likely 
underestimated as this was not directly queried). Anaphylaxis to 
tocilizumab was unusually common, occurring in 38% of those 
exposed (14 of 37; see online supplementary table S3, footnote 
6), compared with 0.6% (1 of 159) in the CR and 0.9% (1 of 
110) in the tocilizumab trial in sJIA.5 Overall, the LD cohort 
manifested clinical features that are unusual for sJIA18 or pulmo-
nary disease.

Candidate early indicators of LD in sJIA: ferritin and 
lymphopaenia
The median time to LD diagnosis after sJIA onset was 1.6 years 
(IQR 0.8–3.3 years), excluding 6 of 61 cases with LD at systemic 
disease onset. To identify candidate early signs of LD, we anal-
ysed laboratory values commonly followed in sJIA. We matched 
cases to sJIA controls from the CR (1:1) for factors including 
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Table 1  Demographic characteristics

sJIA-lung disease cohort vs CR† control sJIA-lung disease cohort by subgroup‡

sJIA-lung disease sJIA (CR) P value§ sJIA-like sJIA-ILAR+ OR (95% CI)¶

Sex (female, %) 66% (40/61) 59% (278/471) 0.41 81% (13/16) 60% (27/45) 0.35 (0.056 to 1.5)

Age, median years (IQR) 2.8 (1.2–6.3) 5.2 (2.8–9.8) 1.7×10−5*** 2.3 (0.9–7.8) 3.1 (1.5–6.2) 0.43 (0.13 to 1.45)

Race 0.53

 �White 62% (38/61) 66% (308/466) 50% (8/16) 67% (30/45) 2 (0.53 to 7.4)

 �Black 8.2% (5/61) 11% (50/466) 6.2% (1/16) 8.9% (4/45) 1.5 (0.13 to 77)

 �Other†† 30% (18/61) 23% (108/466) 44% (7/16) 24% (11/45) 0.42 (0.11 to 1.7)

Region (only USA)‡‡ 0.02*

 �Northeast 19% (10/53) 28% (123/442) 27% (4/15) 16% (6/38) 0.5 (0.12 to 2.17)

 �Midwest 25% (13/53) 29% (129/442) 20% (3/15) 26% (10/38) 1.43 (0.33 to 6.1)

 �South 17% (9/53) 23% (101/442) 20% (3/15) 16% (6/38) 1.25 (0.29 to 5.3)

 �West 40% (21/53) 20% (89/442) 33% (5/15) 42% (16/38) 1.45 (0.42 to 5.1)

Genetics

 �Trisomy 21 9.8% (6/61) 0.2% (1/471) 0.04*¶ 12% (2/16) 8.9% (4/45) 0.69 (0.087 to 8.4)

 �Familial HLH 7.1% (2/28)§§ – – 22% (2/9) 0% (0/19) 0 (0 to 2.4)

*P<0.05, **p<0.01, ***p<0.001. For OR, 95% CI is shown.
†CR, CARRA registry. Diagnosed as sJIA per physician report without specific verification of ILAR features.
‡sJIA-ILAR+ or sJIA-like classification verified (see the Methods section). sJIA-like had no arthritis (13) or failed modified fever criteria (3).
§For categorical items, Fisher's exact tests (including the multicategory form) were performed. For age, a Wilcoxon rank-sum test was performed.
¶OR showed no significant difference with the exception of trisomy 21 vs CR (OR=50).
††Other: Hispanic (5), Middle Eastern (1), Asian (2), multiethnic (8) and other (2).
‡‡Based on US Census Bureau population-balanced regions: www2.census.gov/geo/pdfs/maps-data/maps/reference/us_regdiv.pdf.
§§Diagnosed by clinical testing; one with 2 UNC13D mutations and one with UNC13D/PRF1 mutations; both sJIA-like.
HLH, haemophagocytic lymphohistiocytosis; ILAR, International League of Associations for Rheumatology; sJIA, systemic juvenile idiopathic arthritis.

laboratory test timing relative to sJIA onset, overall drug expo-
sure, sex and sJIA onset age (online supplementary figure S3). 
We then assessed serum ferritin as an indicator of inflammation. 
The mean serum ferritin level in cases 1 year prior to LD diag-
nosis was not distinguishable from that of propensity-matched 
patients with sJIA in the CR. However, the level rose substan-
tially within the 12 months before LD diagnosis in the cohort 
(figure 1G, online supplementary figure S4).

Another finding that preceded LD detection was signif-
icant lymphopaenia (absolute lymphocyte count <60% of 
age-adjusted, lower limit of normal).19 This degree of lympho-
paenia, without concurrent MAS, was documented between the 
6-month and 1-month visit prior to LD diagnosis in 42% of cases 
(excluding those with LD at sJIA onset; online supplementary 
table S3). We were unable to compare this with CR controls due 
to lack of information. However, this degree of lymphopaenia 
is not a known feature of active sJIA.18 Increased ferritin and 
lymphopaenia before LD diagnosis suggest a possibly extended 
incubation phase associated with smouldering inflammation 
and/or delayed recognition of LD.

Radiological features
As a step towards determining the nature of the LD, chest CT 
scans from 58 of 61 patients, most obtained at diagnosis, were 
systematically reviewed (RPG). Most exhibited one or more of five 
patterns (figure 2A–E). Pattern A (septal thickening involving the 
periphery of multiple lobes, most marked in the lower lung zones, 
parahilar/paramediastinal and/or anterior upper lobes with or 
without adjacent ground-glass opacities) was the most frequently 
observed (60%). Crazy-paving (figure 2B), peripheral consolida-
tion (figure  2C), peribronchovascular consolidation (figure  2D) 
and predominantly ground-glass opacities (figure  3E) were seen 
in 21%, 22%, 16% and 12%, respectively. Among those with 
contrast-enhanced CTs, 11 of 30 (37%) displayed hyperenhancing 
lymph nodes (figure 2F), a peculiar finding, previously reported in 

unusual conditions.20 21 Findings like pattern A have been observed 
with connective tissue disease-associated interstitial LD or inter-
stitial pneumonia with autoimmune features.22 However, unlike 
these disorders, radiological signs of fibrosis (honeycombing, trac-
tion bronchiectasis) were uncommon in our cohort. Overall, the 
observed CT findings are unexpected in sJIA; the more typical 
finding of pleural effusion1 7 18 was rare at LD diagnosis (online 
supplementary table S4).

Histopathology and related genetics
Biopsy or autopsy tissues of 36 of 61 patients were available 
for centralised analysis (GD). Multicompartment disease (some 
combination of alveolar, airway, pleural, vascular alterations) was 
observed in all cases. Using their primary pattern of injury, three 
subgroups were defined: spectrum of PAP/endogenous lipoid 
pneumonia (ELP), vasculopathy and other (online supplemen-
tary table S4). The pathology typically associated with pattern A 
on CT is non-specific interstitial pneumonia (NSIP).22 23 Surpris-
ingly, in 21 patients with CT pattern A who had histology, only 
1 had NSIP. Instead, the predominant pathology (64% of cases 
reviewed) was PAP/ELP (figure 2G), which was patchy and often 
accompanied by associated vascular changes (figure 2G, right). 
PAP/ELP is very rare in rheumatic disease,24 and the CT pattern 
typically associated with PAP is crazy-paving (pattern B).25

To identify other histological features associated with PAP/
ELP-like pathology in our cases, we generated a heat map (online 
supplementary figure S5A). Not surprisingly, type II alveolar cell 
hyperplasia was highly associated with PAP/ELP.26 27 The next 
associated finding was lymphoplasmacytic inflammation (71% 
of PAP/ELP cases). Third, 55% had mild to moderate pulmo-
nary arterial wall thickening. Hypertensive vascular changes 
are not typically associated with inherited PAP/ELP, suggesting 
a secondary disease process.26–28 Electron microscopy (EM) 
(available in nine PAP/ELP cases) demonstrated well-formed 
lamellar bodies within type II alveolar epithelial cells. Variable 
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Figure 1  Distinctive clinical features in systemic juvenile idiopathic 
arthritis (sJIA) with lung disease (LD) and survival outcome. (A) 
Acute erythematous digital clubbing; (B, C) bulbous deformity with 
erythematous clubbing of fingers (B) and toes (C); (D) typical salmon-
coloured, macular sJIA rash (evanescent); and (E, F) atypical rashes that 
occur before LD detection: (E) oedematous, urticarial, non-evanescent 
rash (knee) and (F) serpiginous, eczematous, non-evanescent rash 
with hyperpigmented borders. (G) Mean±SE blood ferritin values of 
propensity-matched (online supplementary figure S3) sJIA controls 
(blue) and LD cases (red) across time points relative to LD diagnosis. 
n.s., p>0.1, *p<0.05, **p<0.01, ***p<0.001, by Wilcoxon rank-sum
test.

Figure 2  Distinctive radiological and pathological features. Panels 
A–E: representative axial chest CT images: (A) multilobar, predominantly 
peripheral septal thickening, most marked in the lower lung, parahilar 
and/or anterior upper lobes with or without adjacent ground-
glass opacities; (B) crazy-paving; (C) peripheral consolidations; (D) 
peribronchovascular consolidations; (E) predominantly ground-glass 
opacities; and (F) hyperenhancing lymph nodes on contrast-enhanced 
CT. Panels G–H: histopathological findings (H&E staining) along the 
pulmonary alveolar proteinosis/endogenous lipoid pneumonia (PAP/
ELP) spectrum. Alveolar filling with eosinophilic proteinaceous material 
(G, left), admixed with a variable degree of ELP, indicated by cholesterol 
clefts (arrowheads) and foamy (lipid-containing) macrophages (G, 
middle and right), as described.82 83 Regions of PAP/ELP accompanied 
by type II alveolar epithelial cell hyperplasia (G, right insert, arrow), mild 
to moderate interstitial infiltration by inflammatory cells and lobular 
remodelling (airspace widening with increased interstitial smooth 
muscle). Typically, PAP/ELP findings were patchy, with involved areas 
juxtaposed to the normal lung (G, left, arrow). Pulmonary arterial 
wall thickening; a, artery (G, right). In A–G, the number of cases 
with pattern/number of assessable cases are indicated. (H) Electron 
micrograph showing normal lamellar bodies within type II cells (arrows) 
and macrophage (centre), containing lamellar debris, lipid (*) and 
cholesterol clefts (arrowhead). Original magnification ×7000. Four 
PAP/ELP cases (one each: ABCA3 and CSF2RB variants), stained for 
surfactant proteins (SP-B, proSP-C, SP-D, ABCA3, TTF-1), demonstrated 
robust immunoreactivity (not shown).

accumulation of macrophages containing lamellar debris, lipid 
and cholesterol clefts was observed (figure 2H). The EM findings 
are more characteristic of macrophage overloading or dysfunc-
tion than of genetic disorders in surfactant metabolism.29 30 
When we examined 13 PAP/ELP cases (6 with EM analysis) for 
genes causing hereditary PAP (SFTPA1, SFTPB, SFTPC, ABCA3, 
NKX2-1, CSF2RA, CSFR2B, MARS),26 28 31–35 6 were heterozy-
gous for protein-changing mutations, but none was de novo in 
trio analyses (online supplementary table S5A). One (SFPTC 
p.R167Q) causes PAP with low penetrance31; the others are not
known to cause PAP in heterozygotes. While these rare variants 
(maximum allele frequency <5%) might contribute to LD in 
these children, they are not likely the full explanation.32 36 37

Vascular abnormalities were the predominant finding in 4 of 36 
biopsies (online supplementary figure S5B-D, table S4). Consistent 
with chest CT findings, interstitial fibrosis was generally mild, with 
advanced fibrosis/remodelling in only 4 of 36 samples, including 2 
autopsies (online supplementary figure S5D).

Candidate risk factors for parenchymal LD
Other genetic factors
No evidence for a shared monogenic explanation for LD 
was found in WES of the 20 cases analysed (not shown). We 
also assessed the frequency of HLH/MAS-related gene vari-
ants (PRF1, LYST, STX11, STXBP2, UNC13D, NRLC4). Rare 

protein-altering variants, all heterozygous and none de novo, 
were found (online supplementary table S5B). Concordance 
between these variants and MAS (at sJIA onset or ever during 
disease course to data close) was not observed. The frequency of 
such variants (55%) is higher than reported for sJIA with MAS 
(36%)38 and could contribute to propensity for inflammation.

Early-onset sJIA
Compared with control subjects with sJIA in the CR, the LD 
cohort’s median age at sJIA onset was substantially younger 
(table 1; 2.3 years (1.1–5.0) vs 5.2 years (2.8–9.8), p=1×10−7; 
online supplementary figure S6A). The CR cohort showed the 
full age of onset range of published sJIA cohorts, whereas the 
LD cohort was similar to a subgroup with younger onset age in 
sJIA cohorts39 40 (online supplementary figure S6B). Within LD 
cases, early onset of sJIA/sJIA-like disease was tightly correlated 
with PAP/ELP-like pathology (Wilcoxon test, p=2.3e-4; if cut-
off for age at sJIA onset <5 years, OR=15, Fisher’s p=0.001, 
compared with older children in the cohort). Of cases, 91% (21 
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Figure 3  Annual number of reported cases of LD and PAP/ELP 
pathology. (A) Annual number of LD cases in this series (total n=61). 
(B) Percentage of biopsied LD cases (n=36) with PAP/ELP pathology, 
grouped by year of LD diagnosis. (C) Annual incidence of LD, indicating 
proportions exposed (black) or not (grey) to anti-IL-1/IL-6 inhibitors. 
ABCA-3, ATP binding cassette subfamily A member 3; IL, interleukin; 
LD, lung disease; PAP/ELP, pulmonary alveolar proteinosis/endogenous 
lipoid pneumonia; proSP-C, prosurfactant D; SP-B, surfactant protein B; 
SP-D, surfactant protein D; TTF-1, thyroid transcription factor 1.

of 23) with PAP/ELP had sJIA onset at <5 years (online supple-
mentary figure S6C).

Trisomy 21
In the LD cohort, T21 prevalence (table  1) was strikingly 
higher (10%) than in sJIA registry cohorts (0.2%; 1 of 471 in 
the CR and 2 of 914 in PharmaChild, these being similar to the 
frequency (0.14%) in live births).41 There were suggestions of 
more aggressive LD in these children, all of whom developed LD 
on anti-IL-1/IL-6. Four of six children with T21 were hypoxic 
(OR=7.8, Fisher’s p=0.08, compared with the proportion of 
non-T21 with hypoxia). Two of five with T21 showed advanced 
interstitial fibrosis/remodelling (OR=8.4, Fisher’s p=0.09), and 
two of four children with advanced fibrosis had T21. Five of 
six (83%) had viral or fungal lung infection at LD diagnosis, 
compared with 16 of 55 (29%) of non-T21 (OR=12, Fisher’s 
p=0.02)

Pre-exposure to cytokine inhibitors
Compared with previously described patients with sJIA,18 the 
LD cohort demonstrated rare clinical, radiological and patho-
logical findings. During the time period of the series, the 
annual number of cases in the LD cohort increased dramat-
ically, although some bias of ascertainment is possible due 

to increased awareness of this disease (figure  3A). PAP/ELP 
pathology increased among biopsied cases (figure  3B). The 
proportion of cases exposed to IL-1/IL-6 inhibitors increased 
in the cohort (figure 3C) and in all reported LD cases in sJIA 
(online supplementary figure S7A). These three trends coin-
cided with increased use of IL-1/IL-6 inhibitors for sJIA.42 
This prompted us to ask whether, compared with the CR sJIA 
cohort, the LD cohort was enriched for cases with exposure 
to IL-1/IL-6 inhibitors prior to LD. We matched the LD cases 
and CR controls for a number of potential confounders (online 
supplementary figure S7B). We found no difference in overall 
exposure to IL-1/IL-6 inhibitors; the exposure level in the CR 
controls was already high (online supplementary figure 7C; 
46 of 53, 87%). Interestingly, among specific drug exposures, 
we found there was a moderate increase in anakinra exposure 
(OR=2.2 (0.94–5.5), p=0.07). We next asked whether expo-
sure to these inhibitors was related to the prevalence of unusual 
features. The frequencies of acute clubbing, digital erythema, 
unexplained abdominal pain, peripheral eosinophilia, CT 
pattern A or D, hyperenhancing lymph nodes and PAP/ELP 
pathology, but not PH, were substantially higher (p<0.1; false 
discovery rate <20%) in pre-exposed versus non-pre-exposed 
subjects (figure 4A–B). These associations were not specific to 
one inhibitor. The median time from IL-1/IL-6 inhibitor to LD 
diagnosis was 1.2 years (IQR 0.7–2.0 years, n=46).

Severe or refractory sJIA
A possible bias in the associations with pre-exposure is increased 
severity of sJIA and related treatment, that is, channel bias. We 
assessed five clinical features associated with sJIA severity, as 
there is no validated sJIA severity index. For increased severity, 
we assessed MAS at sJIA onset, need for calcineurin inhibitors 
and persistent arthritis; for reduced severity, we assessed ‘ever 
off ’ steroids and positive treatment response. The small sample 
of non-exposed subjects prevented us from performing a full 
analysis within our cohort. We compared the pre-exposed LD 
subgroup with published cohorts (figure 4C–F; online supple-
mentary table S6). In Russo and Katsicas,43 the proportion of chil-
dren with early-onset sJIA (<1.5 years) with MAS at sJIA onset 
was 10× higher than the proportion of children with later sJIA 
onset (>1.5 years) (32% vs 3%). This difference was interpreted 
to indicate more severe inflammation in early-onset sJIA. Among 
pre-exposed subjects with early-onset sJIA LD, the proportion 
with MAS at onset (27%) was comparable with early-onset 
subjects in Russo and Katsicas.43 For pre-exposed children with 
later-onset sJIA LD, a significantly higher proportion had MAS 
at onset versus the comparable group in Russo and Katsicas43 
(26% vs 3%; OR=12.75, p=0.0004) and versus another sJIA 
cohort, Behrens et al44 (OR=4.83, p=0.003). These observa-
tions raised the possibility that LD was associated with MAS at 
onset, resulting in increased inhibitor use. However, there was 
no association in the LD cohort between MAS at onset and any 
of the unusual features of LD (figure 4G).

The pre-exposed LD cohort was generally similar to published 
cohorts for frequency of treatment-responsive disease (lack of 
calcineurin inhibitor, a period of systemic quiescence or substan-
tially reduced steroid treatment; Figure  4C–F). One excep-
tion was that a lower proportion of the LD subgroup treated 
with inhibitors for ≥6 months were ever off steroids, perhaps 
reflecting more severe disease; nonetheless, this proportion 
was >50% (figure 4F). In addition, at data close, 58% of the 
pre-exposed (18 of 31) reported inactive sJIA (on medication) 
despite continuing LD in 94% (17 of 18). These observations 
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Figure 4  Association between unusual features and pre-exposure to anti-IL-1/IL-6 or MAS at sJIA onset. (A) Heat map indicating occurrence of 
unusual clinical and radiological features (rows) by subjects (columns), grouped by pre-exposure status. (B) Statistical analysis for panel A, indicating p 
values, FDR and OR with 95% CI. Inf, infinite, #p<0.1, *p<0.05, **p<0.01, ***p<0.001. (C–F) Comparison of severity-related features in pre-exposed 
LD cases versus published sJIA cohorts. (C) Pre-exposed LD cases compared with Janow et al.42 (D) Pre-exposed LD cases with sJIA onset <1.5 years, 
compared with comparable age group in Russo and Katsicas43; cut-off at <1.5 years was chosen by Russo and Katsicas, based on developmental 
difference before versus after 18 months. (E) Pre-exposed LD cases with sJIA onset >1.5 years, compared with comparable age group in Russo and 
Katsicas.43 (F) Pre-exposed LD cases treated with IL-1/IL-6 inhibitors for ≥6 months compared with comparable groups in Pardeo et al84 and Nigrovic 
et al.80 No bar indicates unavailable data. For details on definitions and published cohorts, see online supplementary table S6. (G) Statistical analysis 
of associations between MAS at sJIA onset and unusual clinical features of LD in sJIA, indicating p values, FDR and OR with 95% CI. FDR, false 
discovery rate; HELN, hyperenhancing lymph nodes; IL, interleukin; LD, lung disease; MAS, macrophage activation syndrome; PAP/ELP, pulmonary 
alveolar proteinosis/endogenous lipoid pneumonia; sJIA, systemic juvenile idiopathic arthritis.

Figure 5  Survival outcome in systemic juvenile idiopathic arthritis 
cohort with lung disease (LD). The number of survivors at a given time 
point after LD diagnosis is shown (strata).

argue that refractory sJIA is not required for LD development 
or persistence.

Survival
The period of follow-up after LD diagnosis was variable (median 
1.7 years; IQR 0.75–3 years). Survival was drastically lower in 
the LD cohort (mortality: 159/1000 person-years; figure 5) than 
in a UK cohort of patients with sJIA who required biologic agents 
(mortality: 3.9/1000 person-years).45 The predominant cause of 
death in our cohort was reported as diffuse LD (12 of 22 deaths), 
with MAS in 5 of 12 (online supplementary table S7). Among 75 
categorical variables (online supplementary table S2-S5), male 
sex, hypoxia at initial LD evaluation, predominantly neutro-
philic bronchoalveolar lavage (BAL) (≥40% neutrophils, over 
10 times the normal),46 47 but not PH, appeared to associate with 
shortened survival (online supplementary figure S8A-D). These 
associations were not significant after adjusting for multiple 
tests. However, BAL neutrophilia (≥50%) has been linked to 
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fatality,48 49 and 100% in our series (12 of 12) with this feature 
were deceased by data close.

Discussion
LD in sJIA was characterised by young age at sJIA onset and 
unusual clinical features, including acute erythematous club-
bing, atypical rash and anaphylaxis to tocilizumab; severe tocili-
zumab reaction in sJIA with pulmonary disease was also noted 
in the data from the PharmaChild registry.50 The most prevalent 
finding on chest CT was peripheral septal thickening ± ground-
glass opacities. Crazy-paving, consolidation and hyperenhancing 
lymph nodes were also observed. On tissue diagnosis, this group 
showed primarily PAP/ELP-like pathology. Compared with PAP/
ELP in other settings, the LD pathology was distinctive for its 
patchiness and associated vascular changes.

The proportion of LD cases with PAP/ELP-like tissue diagnosis 
has increased since 2010, coinciding with increasing use of IL-1/
IL-6 inhibitors.40 Pre-exposure to these inhibitors was charac-
teristic of the predominant phenotypic subtype in our series. It 
is possible that this association is confounded by concomitant 
reduction in steroids with inhibitor use or by treatment of severe 
inflammation; our data do not conclusively rule out these possi-
bilities. However, severe disease has been observed since the 
initial description of sJIA in 1897,51 whereas the LD with asso-
ciated features described here appears to be new and increasing 
in frequency. Among biopsied cases, PAP/ELP was found in 80% 
with pre-exposure (includes one with mostly pleural sample 
and limited PAP foci) vs 36% not pre-exposed (OR=7 (95% CI 
1.45 to 33.7), Fisher’s p=0.015; online supplementary figure 
S5E) and was independent of PAP/ELP association with young 
age (online supplementary figure S9). Thus, IL-1/IL-6 inhibitor 
exposure may promote development of PAP/ELP-like disease and 
may qualitatively influence LD-associated features in a subset 
of patients with sJIA, among the substantially larger group of 
patients who derive striking benefit from these inhibitors.

Autopsy RNA sequencing data from the Genotype-Tissue 
Expression project show the lung is a major physiological 
producer of IL-1 and IL-6 in adults (online supplementary figure 
S10),52 and cytokine profiling suggests that circulating IL-1RA 
levels (reflecting the IL-1 activity) in young (<4 years) healthy 
children are 2× higher than in older healthy children.53 In addi-
tion, NFκB, a key transcription factor downstream of IL-1, 
stimulates angiogenesis and alveolarisation in the postnatal, 
developing lung.54 These observations raise the possibility of a 
physiological role of IL-1/IL-6 in the lung, particularly in early 
childhood. The striking enhancement of LD risk by early age 
of sJIA onset suggests developmental vulnerabilities that may 
interact with the inhibitors.

A specific relationship between reduced IL-1 and PAP develop-
ment is described in mice. IL-1α−/− mice (but not IL-1β−/− mice) 
challenged with inhaled silicone, an inflammasome (NLRP3) 
activator,55 develop PAP-like LD.56 In the lung, IL-1 regulates 
granulocyte-macrophage colony-stimulating factor (GM-CSF) 
levels57 58 and macrophage function56 57; disruption of either 
can lead to surfactant accumulation and PAP.59 60 These findings 
imply a link between reduced IL-1 and PAP, but also suggest that 
additional triggers may be required for disease development, in 
line with the rarity of severe parenchymal LD among the overall 
population of patients with sJIA treated with IL-1/IL-6 inhib-
itors. The association of PAP and paediatric haematological 
malignancies, especially myeloid leukaemia, can be ascribed in 
some cases to dysregulation of the GM-CSF/GM-CSF receptor 
axis and consequent macrophage dysfunction.61

We found an outsized risk of LD in children with T21 and 
sJIA. T21 carries increased susceptibility to adverse drug reac-
tions62 and to viral pneumonia.63 Another contributing factor 
may be underlying type 1 interferonopathy, recently described in 
T21.64 An association of T21 and PAP in the context of haema-
tological malignancy also has been reported.65

Drug hypersensitivity reactions can occur in children treated 
with biologic drugs for rheumatic disease.66 A subset of LD cases 
met the criteria for DReSS (online supplementary tables S1 and 
S8), a delayed form of severe drug-related hypersensitivity with 
organ involvement that can include lung.17 67 68 DReSS find-
ings included dramatic eosinophilia, often despite concurrent 
steroids, together with extensive, persistent rash, frequently 
involving the face, which is uncommon in sJIA.18 Altered drug 
metabolism in childhood may increase risk of hypersensitivity 
reactions.69 Another consideration is drug-induced interstitial 
lung disease (DiILD), previously reported in children with rheu-
matic disease on biologics.70 DiILD has overlapping chest CT 
findings with LD in sJIA.71 No pathological findings are pathog-
nomonic of DiILD,71 72 but PAP has been described.24 Drug 
cessation is indicated when DReSS or DiILD is recognised.68

Infection may exacerbate LD, trigger its detection or be caus-
ally linked. Pathogens identified at initial lung evaluation (online 
supplementary table S3) included rhinovirus (a cause of severe 
lower respiratory infection in young children73), herpes viruses 
and pneumocystis, all of which require IL-1 for optimal host 
defence.55 74 75 Pneumocystis pneumonia (PCP) is a recognised 
cause of PAP25 and is associated with high mortality in immuno-
compromised individuals.76 PCP risk is also elevated in DReSS.77 
At least four of our cases had PCP; these were diagnosed by 
PCR of BAL, the preferred test in non-HIV immunosuppressed 
patients.76 It seems prudent to consider prophylaxis for patients 
with sJIA with lymphopaenia or steroid use (consistent with 
recommendations78) or T21.

LD in sJIA has been associated with MAS.13 79 In 23 out of 
61 cases in our series, LD detection occurred with concurrent 
MAS. Out of these 23, 19 had their first MAS episode at or after 
LD diagnosis, suggesting that LD may trigger systemic inflam-
mation. Consistent with this possibility, 4 of 11 cases with MAS 
co-occurred with initial detection of LD during three treatment 
trials of the inhibitors (n=331 subjects in total).4–6

PH with a range of severity was observed with or without pre-
exposure to inhibitors and with or without PAP/ELP pathology. 
Out of 20 subjects, 2 lacked substantial parenchymal LD at PH 
detection. Together, these observations argue that PH in this LD 
cohort has heterogeneous biology.

Persistent arthritis (figure 4F) was less frequent in the pre-
exposed LD cohort than in the sJIA cohort in the CARRA legacy 
registry (2010–2013),42 and of comparable frequency to chil-
dren treated with IL-1 inhibition as first-line sJIA therapy. Inhib-
itor therapy may attenuate arthritis when given early or the LD 
cohort may be enriched for children with systemic inflammation-
predominant disease.18 80

Over 50 additional LD cases in sJIA have been reported to 
us since closing this series. The Food and Drug Administration 
(FDA) adverse event website (FDA Adverse Event Reporting 
System) shows 39 adults (rheumatoid arthritis (23), AOSD (11), 
other (5)) developing alveolar disease or PH on IL-1/IL-6 inhib-
itors and 4 DReSS cases (second quarter, 2019). An apparent 
discrepancy between adverse event reports and the frequency 
of sJIA-LD reported here may reflect its underdiagnosis or 
under-reporting.81

The association between cytokine inhibition and sJIA-LD and 
related mechanistic hypotheses demand further investigation. We 
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acknowledge the limitations of retrospective data, use of histor-
ical/published data for controls, possible biases as mentioned 
and false discovery issues associated with multiple hypothesis 
testing in a large data set. With these limitations, one cannot 
assign causality to cytokine inhibition in LD in sJIA. Likewise, it 
is premature to make treatment recommendations solely on the 
basis of our findings. Therapeutic decision making for patients 
with sJIA-associated LD is challenging, and currently individual-
ised management is appropriate. However, in children with risk 
factors, close attention to subtle pulmonary symptoms is advised, 
and approaches for early detection of altered pulmonary func-
tion, guided by a pulmonary specialist, should be considered. In 
light of high fatality, efforts to determine LD prevalence, uncover 
molecular mechanism(s), and devise treatment and prevention 
approaches are urgently needed.
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Table 1  Characteristics of included studies

Identifier Acronym Subjects RA population
Duration 
(weeks)

Primary 
outcome GC used

Initial GC 
dose* 
(mg/day)

Taper length 
(weeks)

Goal GC dose* 
(mg/day)

Additional 
taper 
instructions

NCT02466581
NCT01491815

NORD-STAR 812 Early 24 CDAI remission Prednisone 20 9 5 Stop after 9 
months

NCT02930343 150 Early 12 EULAR good 
response

Prednisolone 7.5 6 0

NCT02997605 STAR 122 LT-GC 52 GC 
discontinuation

Prednisone NS 52 0 Reduce 1 mg/
month

Hydrocorticosone NS 36 0 20 mg/day for 3 
months, 10 mg/
day for 3 months

NCT0364906113 CareRA 442 Early 104 Area under DAS-
28 curve

Prednisone 30 30 0

NCT0121993314 ACT-ALONE 68 Current GC 20 DAS-28 LDA Methylprednisolone 1–25 NS NS

NCT02644499 186 Early 12 EULAR good 
response

Prednisolone 15 6 2.5

NCT02000336 CORRA 386 Early 52 Radiographic 
progression

Prednisolone 10 12 5

60 28 7.5 to 5

NCT0117263915 COBRA 400 Early 104 DAS-28 remission Prednisone 60 7 6.25 Taper to stop by 
week 32

30 32 0 Taper to stop by 
week 32

NCT00480272 CURE 251 Early 52 DAS-28 remission Prednisone 50 7 6.25 Stop at week 24

NCT02293590 RICE 43 Established 24 ACR50 response Prednisone 20 NS 0 Taper every 5 
days

NCT02573012
1617

SEMIRA 261 Established
LT-GC

24 DAS-28 change 
from baseline

Prednisone 5 24 0

Tengstrand et al18 58 Established
LT-GC

104 DAS-28 mean NS NS 52 0

Goekoop-
Ruiterman et al19

BEST 508 Early 52 Dutch HAQ mean, 
Radiographic 
progression

Prednisolone 60 7 7.5

Choy et al20 CARDERA 467 Early 104 New erosions Prednisolone 60 28 7.5 Taper to stop by 
week 34

Pincus et al21 31 LT-GC NS Withdrawal for 
‘lack of efficacy’

Prednisone 5 20 0

Hickling et al22 128 Early 156 Radiographic 
progression

Prednisone 7.5 4 0 7.5 mg/day for 
2 years, then 
taper

Evidence to support or guide GC tapering in rheumatoid arthritis is lacking.
*In prednisone equivalents.
CDAI, clinical disease activity index; DAS-28, disease activity score, 28-joint; EULAR, European League Against Rheumatism; GC, glucocorticoid; LDA, low disease activity; LT-GC, long-term GC; NS, not specified.

Evidence to support or guide glucocorticoid 
tapering in rheumatoid arthritis is lacking

Low-dose glucocorticoids (GCs) improve symptoms and phys-
ical function and reduce joint damage in rheumatoid arthritis 
(RA).1 Over a third of patients with RA are managed with long-
term oral GC, defined as daily use for ≥3 months.2 Current RA 
management guidelines recommend tapering GCs to the lowest 
effective dose as quickly as possible3 4 to minimise risk of GC-as-
sociated side effects, such as infections, cardiovascular events 
and bone fractures. However, there is little evidence to guide 
clinicians attempting to taper GCs,5 6 leading to widely variable 
practice patterns. This is of particular importance for patients 
with established RA who are maintained on long-term GCs. Such 
patients have higher cumulative GC exposure and increased 
rates of cardiovascular disease, osteoporosis and insulin resis-
tance relative to early patients with RA,7–9 yet may face disease 
flare, adrenal insufficiency or other withdrawal symptoms when 
GC tapering is attempted.10–12

We searched ​clinicaltrials.​gov for all registered studies evalu-
ating oral GC tapering in adult patients with RA since September 
2008. We found 2300 studies of adult patients with RA, 151 of 

which included GCs, and we reviewed these studies. Of these, 80 
were excluded as irrelevant due to observational design (n=42), 
non-oral GC administration (n=34) or other reasons (n=4). 
An additional 60 studies did not evaluate GC tapering. The 
remaining 11 studies are presented in table 113–17 along with five 
additional studies captured by a previously published systematic 
review on this subject covering the years 1972–2011.5 18–21

Of the 11 studies identified from ​clinicaltrials.​gov, 7 incor-
porated GC tapers as induction treatment or bridge therapy for 
early RA (table  1). An additional two studies did not specify 
starting GC dose or taper duration. One study (NCT02573012) 
compared RA disease activity among patients randomised to 
continue versus stop versus taper off long-term oral GCs, but 
was limited to patients maintained on tocilizumab. The last 
(NCT02997605) was the only study to compare the efficacy 
of two different GC tapering regimens in allowing patients 
with established RA to discontinue long-term oral GCs. Of 
the five studies identified from the previous systematic review, 
three incorporated GC tapers as induction treatment for early 
RA. The remaining two studies compared RA disease activity 
or radiographic progression among patients randomised to 
continue vs taper off long-term GCs. None of these studies 
directly compared the efficacy of different GC tapering regi-
mens. Of the 16 studies reviewed, only one (NCT02997605) 
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evaluated GC withdrawal symptoms and did so as a secondary 
outcome. Another study allowed for slower GC taper if ‘with-
drawal symptoms’ occurred but did not specify how such symp-
toms were to be defined, or how the taper should be adjusted 
in response.

In sum, although long-term GC use is common in RA and 
GC tapering is explicitly supported by current RA management 
guidelines, there are few data to guide clinicians attempting to 
taper long-term GCs in RA, particularly among patients with 
established RA. Further work, including placebo-controlled 
trials of GC tapering, is needed to develop data-driven proto-
cols for GC tapering that also account for GC withdrawal 
symptoms.
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Association of human papillomavirus infection 
with risk for rheumatoid arthritis: a population-
based cohort study

Rheumatoid arthritis (RA) is an autoimmune disease caused by genetic 
and environmental factors. Infection is proposed to contribute to 
the pathogenesis.1 Several viral and bacterial infections, including 
parvovirus B19, Chikungunya, hepatitis C, Epstein-Barr virus and 
Porphyromonas gingivalis, have been raised to be associated with RA.1 
The mechanism of how infections affect RA remains undetermined, 
generally considered to be via molecular mimicry and cross-reactions 
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Table 1  Demographic characteristics of human papillomavirus (HPV) and non-HPV
Before propensity score matched

Standardised 
differences

After propensity score matched

Standardised 
differences

HPV (N=40 349) Non-HPV (N=322 792) HPV (N=40 349) Non-HPV (N=161 396)

n % n % n % n %

Age 0 0.002

 �20–40 21 093 52.3 168 744 52.3 21 093 52.3 84 413 52.3

 �40–55 10 975 27.2 87 800 27.2 10 975 27.2 44 008 27.3

 �≥55 8281 20.5 66 248 20.5 8281 20.5 32 975 20.4

 �Mean±SD 41.7±16.2 41.7±16.2 0 41.7±16.2 41.6±16.2 0.003

Gender 0 −0.003

 �Female 21 015 52.1 168 120 52.1 21 015 52.1 84 280 52.2

 �Male 19 334 47.9 154 672 47.9 19 334 47.9 77 116 47.8

Hypertension 4680 11.6 31 124 9.6 0.064 4680 11.6 18 779 11.6 −0.001

Hyperlipidemia 1960 4.9 11 095 3.4 0.071 1960 4.9 7594 4.7 0.007

Chronic liver disease 1297 3.2 7031 2.2 0.064 1297 3.2 5143 3.2 0.002

Diabetes 1767 4.4 14 826 4.6 −0.01 1767 4.4 6889 4.3 0.005

Figure 1  Kaplan-Meier curves of cumulative incidence for rheumatoid 
arthritis in human papillomavirus (HPV) and non-HPV group.

between self-antigens and viral proteins.1 Furthermore, recent study 
postulates that RA may be the result of immunosenescence, meaning 
premature ageing of the immune system via various mechanisms 
including telomere shortening.2 A recent review article illustrates 
that the expression of human telomerase reverse transcriptase was 
influenced by human papillomavirus (HPV) E6/E7.3 Therefore, 
immunosenescence caused by telomere shortening may be another 
hypothetical mechanism in RA development followed by HPV 
infection.

HPV infections have been found to be associated with autoimmune 
diseases including systemic lupus erythematosus and RA.4 5 Immuno-
suppressed conditions in patients with autoimmune disease are prone 
to HPV infection.6 On the contrary, previous study shows that HPV 
infection is also a trigger factor for systemic lupus erythematosus in 
susceptible individuals based on the plausible mechanism of molec-
ular homology.5 However, there is currently a lack of evidence to 
show whether the HPV infection is one of the risk factors for RA. 
The aim of this population-based cohort study is to examine the asso-
ciation and the causal relationship between HPV infection and risk 
of developing RA.

This nationwide cohort study was conducted using Taiwan’s 
National Health Insurance Research Database from 1999 to 2013. 
The cumulative incidence rate of RA was calculated in person-years 

and plotted by Kaplan-Meier curves. Log-rank test was used to 
examine the differences between the cumulative incidence curves. 
The Cox proportional-hazards regression model was used to esti-
mate the HR and 95% CI to compare the risk of RA between the 
HPV infection and control cohorts. A total of 40 349 individuals 
were enrolled in the HPV group, as well as 161 396 controls without 
HPV infection identified by propensity score matching to reduce the 
heterogeneity and selection bias, and the sensitivity analysis was also 
performed (see online supplementary text). The baseline character-
istics are revealed in table 1 and showed similar distributions due to 
the well-balanced matching. The average age was 41.7±16.2 and the 
gender ratio was 52.1% (female) to 47.9% (male) in patients with 
HPV infection. There was no significant difference in these comor-
bidities between the two groups.

The incidence density of RA was higher in the HPV-infected 
group compared with the non-HPV controls (1.1 vs 0.8 per 
1000 person-years; crude HR, 1.41; 95% CI 1.24 to 1.6). After 
adjusting for age, gender, hypertension, hyperlipidemia, chronic 
liver disease and diabetes, the adjusted HR of developing RA 
among the HPV-infected group was 1.40 (95% CI 1.24 to 1.59). 
The cumulative incidence rates of RA in the HPV and non-
HPV groups are shown in figure 1. The Kaplan-Meier analysis 
revealed that the HPV-infected individuals had a significantly 
higher RA incidence than the non-HPV controls (log-rank test: 
p<0.001). In the subgroup analysis after stratification for age 
and gender, the results indicated a significantly increased risk of 
RA in adults 20–40 years old and 40–55 years old from the HPV 
group (adjusted HR, 1.76; 95% CI 1.38 to 2.23; adjusted HR, 
1.34; 95% CI 1.09 to 1.65, respectively) and female (adjusted 
HR, 1.45; 95% CI 1.25 to 1.68) with HPV infection (see online 
supplementary table S3).

In conclusion, this is the first study to examine the relationship 
between HPV infection and RA under a time-sequential research 
design, and inferred that HPV infection may be a precipitating 
factor of RA based on the results implying that HPV infection 
may be associated with a higher risk of RA development.
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Table 1  Clinical and demographic characteristics of 13 patients with Behçet’s disease included in our study

Demographic features Clinical characteristics at diagnosis, n (%)

Female, n (%) 9 (69.2) Ocular involvement 4 (30.8)

Age in years, mean (SD) 44.1 (11.2) Oral ulcers 13 (100)

HLA-B51 positivity, n (%) 6 (54.5) Genital ulcers 9 (69.2)

Disease duration at APR baseline, months, mean (SD) 154.2 (167.8) Other mucocutaneous involvement 7 (53.8)

Previous biological agents, n (%) Musculoskeletal involvement 10 (76.9)

Tumor necrosis factor-α inhibitors 10 (76.9) Central nervous system involvement 1 (7.7)

Anakinra 4 (30.8) Vascular involvement 2 (15.4)

Ustekinumab 2 (15.4) Gastrointestinal involvement 6 (46.1)

Previous immunosuppressants, n (%) Combination treatment at baseline, n (%)

Colchicine 10 (76.9) Colchicine 4 (30.8)

Cyclosporine A 4 (30.8) Intravenous immunoglobulins 1 (7.7)

Methotrexate 3 (23.1) Anakinra 1 (7.7)

Azathioprine 9 (69.2) Low dose steroids (≤10 mg prednisone /day) 10 (76.6)

Others (cyclophosphamide, thalidomide, interferon, 
sulfasalazine)

7 (53.9) High dose steroids (>10 mg prednisone /day) 2 (15.4)

Flares of mucosal involvement in the 4 weeks prior to APR

Oral ulcer flares, mean (SD) 2.2 (3.1) Genital ulcer flares, mean (SD) 0.5 (0.7)

APR, apremilast.

      

 ​ ​ ​ ​ ​ ​

	 	       

Real-world effectiveness of apremilast in 
multirefractory mucosal involvement of 
Behçet’s disease

Relapsing oral and genital ulcers (OGUs) represent the stigmata 
of Behçet’s disease (BD) and may be very painful, affecting both 
quality of life and relationships. A wide number of topical and 
immunosuppressive drugs can be used to treat ulcers,1 but fail-
ures are commonly reported. The efficacy of the phosphodies-
terase-4 inhibitor apremilast has been proven in OGUs of BD in 
two randomised clinical trials (RCTs),2 3 whereas only two case 
reports are available until now.4 5 We aimed at evaluating the 
real-world effectiveness of apremilast in BD patients with OGUs 
refractory to conventional and/or biological treatments.

We retrospectively evaluated patients classified as BD, 
according to International Criteria for BD6 and International 
Study Group7 criteria, who underwent apremilast (30 mg two 
times per day) for multirefractory OGUs from November 2017 
to January 2019. The number of OGUs was assessed at baseline 
and either at 3 and 6 months. Pain from ulcers and BD activity 
were evaluated via 100 mm visual analogue scale (VAS) and BD 
current activity form (BDCAF). We also recorded the number 
of OGU flares both in the 4 weeks prior to apremilast start and 

http://ard.bmj.com/
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Table 2  Mucosal involvement, VAS pain and BDCAF assessed at 
baseline and throughout the observation period

Baseline
13 patients

3 months
12 patients P value

6 months
8 patients P value

Number of active oral 
ulcers, mean (SD)

1.1 (0.6) 0.4 (0.5) 0.02 0.4 (0.5) 0.03

Number of active 
genital ulcers, mean 
(SD)

0.5 (0.5) 0.1 (0.3) 0.02 0 (0) 0.07

BDCAF, mean (SD) 4.5 (2.9) 3.2 (3.4) 0.01 2.37 (3.7) 0.01

VAS pain, mean (SD) 67.5 (16.6) 29 (32.1) 0.002 20 (19.1) 0.005

Reported p values are referred to the difference from baseline.
BDCAF, BD current activity form; VAS, visual analogue scale.

throughout the observation period (table 1 and online supple-
mentary table 2). The occurrence of adverse events was also 
reported. Paired t-test or Wilcoxon matched-pair signed rank 
test were used for statistical analysis. The off-label use of apremi-
last was approved by the Hospital Ethics Committee in compli-
ance with the Declaration of Helsinki. All patients provided a 
written informed consent.

Thirteen patients (females 9/13) with disease duration 
(mean±SD) of 154±167 months were analysed (table 1) (online 
supplementary file 1). At 3 months (data from 12/13 patients) 
active OGUs were significantly less (p=0.02 for both) than 
baseline (table  2). Three patients stopped the treatment due 
to diarrhoea. At 6 months, active oral ulcers and oral relapses 
were still lower than baseline (p=0.03 for both), whereas only 
a positive trend (p=0.07) for genital ulcers was seen (data from 
8/13 patients) (table 2). Ulcer VAS pain was 67±16 at baseline, 
and a prompt amelioration was observed at 3 months (29±32, 
p=0.002), and confirmed at 6 months (20±19, p=0.005) 
(table 2). Likewise, BDCAF dropped from 4.5±2.9 of baseline 
to 3.2±3.4 at 3 months (p=0.01), and was persistently low up 
to 6 months (2.3±3.7, p=0.01) (table 2). Serious adverse events 
were not observed.

Our findings are consistent with a recent RCT on 111 BD 
patients,2 which showed the efficacy of apremilast in reducing 
both number and pain of oral ulcers.2 Preliminary results from 
another study confirm the significant decrease of total number 
of oral ulcers and resolution of genital ulcers over 12 weeks in 
the apremilast group.3 Similarly, in our study the mean number 
of oral relapses during therapy was significantly lower than 
that in the 4 weeks prior to apremilast. Interestingly, an appre-
ciable reduction of VAS pain and BDCAF was already seen at 
3 months and persisted up to 6 months. Of note, the overall 
beneficial effect of apremilast also on joint symptoms should be 
highlighted, as emerged by the BDCAF evaluations. Apremilast 
was safe and no serious adverse events were observed during the 
time span of our study. The main limitations of our study were 
the small sample size and the short-term follow-up. In addition, 
patients had been referred to our tertiary care centres since they 
were difficult-to-treat or refractory to therapy, configuring a 
possible selection bias. Nevertheless, we provide evidence that 
apremilast may induce a meaningful and early benefit in BD 
patients with multirefractory OGUs also in real-life settings.
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Figure 1  Ultrasound scan images of the axillary artery demonstrating 
the ‘slope sign’ of smooth transition from increased to normal intima-
medial thickness (IMT) in large vessel giant cell arteritis (upper panel) 
contrasted with the discrete localised thickening seen in atherosclerosis 
(lower panel).

‘Slope sign’: a feature of large vessel vasculitis?

Ultrasound (US) scanning in the diagnosis of large vessel giant 
cell arteritis (LV-GCA) is becoming more prevalent, with the 
advantage of being non-invasive and free of ionising radiation.1 
The recent European League against Rheumatism (EULAR) 
recommendations suggest that US should be the first-line inves-
tigation for cases of suspected GCA where adequate equipment 
and expertise is available.2 3 US is also having a more prominent 
role in disease monitoring. Biologics such as Tocilizumab have 
now been approved to treat relapsing and refractory LV-GCA; 
however, it has been noted that while Tocilizumab may suppress 
serum inflammatory markers (ie, C reactive protein and eryth-
rocyte sedimentation rate (ESR)) it may underestimate on-going 
vessel wall disease activity.4 Consequently, the use of US in 
disease monitoring has become increasingly important, as tradi-
tional biomarkers are not reliable in this instance.

The use of US in cranial GCA is now well established, with the 
finding of a non-‘compressible halo sign’ in the temporal arteries 
to be of important diagnostic value.2 In the axillary arteries of 
patients with suspected LV-GCA, this sign is less helpful due to 
tissue depth and therefore measuring the intima-medial thickness 
(IMT) is the preferred method of assessment. The cut-off value 
for IMT at the axillary arteries is 1.0 mm, with values greater 
than this suggestive of LV-GCA.5 It is recognised that there are 
other causes of arterial wall thickening, such as atherosclerosis. 
Atherosclerotic changes on US are usually more localised and 
discrete; however, it can sometimes be challenging to differen-
tiate between vasculitic and atherosclerotic changes in axillary 
arteries.6

We describe the ‘slope sign’ as a specific US feature in of the 
axillary arteries in patients with LV-GCA (figure  1). Unlike 
atherosclerosis, thickening seen in vasculitis is smooth, homog-
enous and continuous up to a transitional point where IMT 
gradually slopes downwards back to a normal level (below 
1.0 mm). We postulated that evaluation of this slope may help 
differentiate vasculitis from atherosclerosis (see online supple-
mentary images) and other causes of arterial wall thickening, 
and may also be helpful to monitor disease progression(see 
online supplementary table 1). We recently conducted a review 

of our images at Southend University Hospital, UK (examined 
from 01.09.2018 to 18.01.2019) and observed the presence of 
a ‘slope sign’ in the axillary artery US scan of 24 out of 28 new 
patients with confirmed LV-GCA. The remaining four patients 
did not have the transition zone visualised and therefore could 
not be assessed.

We have observed that this transitional point is often situated 
near the circumflex artery. Further research is required to deter-
mine whether either the position of the slope in relation to the 
circumflex or the angle of the slope have further value in diag-
nosis and monitoring.

We suggest the ‘slope sign’ to be a helpful finding in the US of 
the axillary arteries in patients with acute and chronic LV-GCA. 
We propose the ‘slope sign’ should be included in protocols for 
axillary artery US scanning in suspected LV-GCA. It may also 
have utility monitoring disease activity in confirmed LV-GCA.
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Metering the METEOR in methotrexate failure: 
is propensity score a falling star?

The debate on the preferred treatment of rheumatoid arthritis 
(RA) after methotrexate (MTX) failure has always been fasci-
nating. Sytske Anne Bergstra and associates have analysed data 
from patients in the METEOR cohort who had failed MTX 
monotherapy.1 It was absorbing to see how they used multiple 
propensity score (PS) to control for bias in non-randomised data 
collected from an international registry (‘METEOR’). They have 
pragmatically outlined how the PS was analysed.

The analysis has demonstrated clear superiority of biological 
disease-modifying anti-rheumatoid drugs (b-DMARDs) over 
conventional synthetic DMARDs (cs-DMARDs) in both unad-
justed and PS-adjusted results at 6 months and at 1 year. There 
is already plenty of evidence that addition of a bDMARD to 
MTX (on failure of monotherapy) is better in the short term 
than addition of a cs-DMARD. A network meta-analysis of 33 
trials has shown the superiority of b-DMARDs at 6 months in 
achieving higher disease control, that is, in the American College 
of Rheumatology 70% response criteria (ACR70).2 Similarly, a 
meta-analysis of eight such trials demonstrated similar benefits 
with bDMARDs at 6 months, but the differences disappeared 
at 24 months.3 The European League Against Rheumatism 
(EULAR) already recommends adding a bDMARD (over adding 
a csDMARD) in MTX failure if ‘unfavourable factors’ are 
present.4 At the present date, the evidence for benefits of this 
approach is only for the short term, and not beyond 2 years.

The contrast in this analysis is that Bergstra et al have used 
rheumatoid arthritis disease activity score (DAS) as the primary 
outcome measure. Clinical trials usually use the ACR20 criteria. 
Even in the RACAT trial that had shown non-inferiority of triple 
drug therapy versus addition of etanercept in MTX failure, 
DAS28 reduction was more in the etanercept group at 6 months. 
Nevertheless, ACR20 and ACR50 were similar at 6 months (and 
at 2 years). Differences in DAS28 and ACR70vanished by the end 
of 2 years.5 Again, difference in DAS (includes 44 swollen joint 
count and 78 tender joint count) may be numerically different 
than difference in DAS28.

I would have liked to know what proportion of patients 
in the three groups of the study met ACR20 at the two time 
points. And, hopefully, the authors will publish the results of the 
follow-up of the METEOR MTX monotherapy failure cohort at 
24 months as well.

It is interesting that the multiple PS adjustments did not change 
the differences in DAS by much. Improvement in DAS was almost 
double in the bDMARD group compared with the others. The 
bDMARD group had higher number of swollen joints and thus 
seemed likely to show greater difference on adjustment by the 
PS. But this was not so.

PS basically combines the effect of all known confounders 
into one covariate. It is good for studies with rare events and 
multiple confounders.6 As the authors have mentioned, the PS 
cannot control bias due to factors not included in the anal-
yses. One such factor can be the placebo effect of biologicals 
on patients. Again use of the Ritchie articular index (RAI) and 
the DAS (that includes the RAI) allows for variability in the 
subjective evaluation. This might unconsciously augment a bias 
in the evaluator who is aware that the patient is on biologicals. 
Another potential confounder was the MTX dose. Patients in the 

csDMARD +steroids group were getting almost half the MTX 
dose compared with the other two groups. If this difference was 
maintained throughout the observation period, that itself would 
lead to differences in the DAS. Also, I did not find information 
on steroid use in the bDMARD group.

This paper has reiterated the short-term superiority of 
bDMARDs over csDMARD after MTX failure. In a comparison 
of cost-effectiveness and quality of life, results depended on the 
methods used.7 We are yet to know what is best for the patient 
in the long term.

The highlight of the paper seems to be use of the PS. But 
PS-adjusted analysis did not differ much from the unadjusted 
analysis. Maybe because it has good validity. Maybe its use is 
superfluous until we understand all the confounders in RA. 
Either way, it is for the reader to decide if PS is a guiding star 
or a falling star!
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Response to: ‘Metering the METEOR in 
methotrexate failure: is propensity score a 
falling star?’ by Ahmed et al

We thank Dr Ahmed for his response to our article and for his 
interest in the methodology we used.1 The aim of our study was 
twofold: to compare, in daily practice, treatment options after 
failure of initial methotrexate (MTX) in rheumatoid arthritis 
(RA) patients, but also to introduce the multiple propensity score 
(PS) in rheumatology.

As Dr Ahmed mentioned, previous research has been 
performed into treatment options after MTX failure, including 
the mentioned network meta-analysis based on clinical trials.2 
These trials mostly included a selected population and reported 
response to one or at most two treatment options, either including 
a biologic disease modifying anti-rheumatic drug (bDMARD) or 
conventional synthetic (cs) DMARD triple therapy. But in daily 
practice, there are many scenarios in which rheumatologists 
consider multiple treatment options aimed to specifically benefit 
their individual patient, rather than following predefined study 
protocols. In our large, international daily practice database, we 
were able to compare three treatment strategies simultaneously, 
including a combination of csDMARD(s) with glucocorticoids. 
This is a therapy that has never been compared with triple 
therapy in clinical trials, but as shown by our data it was the 
therapy that was most frequently prescribed after MTX failure 
in daily practice.3

Next, Dr Ahmed asked for the proportion of patients that 
fulfil the American College of Rheumatology response criteria, 
which we cannot provide as it is not used in daily practice to 
monitor individuals’ response to treatment and therefore not 
included in the Measurement of Efficacy of Treatment in the Era 
of Outcome in Rheumatology (METEOR) database. In addition, 
Dr Ahmed1 is interested in the 24-month results of our data. 
Although undoubtedly long-term outcomes are of interest in a 
potentially chronic disease as RA, we were specifically interested 
in the short-term effectiveness of the treatment strategy after 
MTX failure. With longer follow-up, many patients who do not 
respond to treatment will have switched to a next treatment step 
according to a treat-to-target approach. When analysing longer 
term results, we would not be able to discern the effects of the 
second treatment strategy, but rather evaluate the treat-to-target 
concept. Previous studies have shown that long-term outcomes 
can be greatly improved if a consequent treat-to-target approach 
aimed at remission or at least low disease activity is main-
tained.4–6 These long-term benefits make it possible to return 
to the acute symptoms of having active RA and the intention to 
suppress disease activity as quickly as possible, hence our focus 
on short-term outcomes of treatment choices.

Only data regarding treatment effectiveness will not allow us 
to draw definitive conclusions on the best treatment step after 
initial MTX failure in daily practice. For this decision, also other 
factors such as adverse events and cost-effectiveness should 
be considered. We do not agree that the dose of methotrexate 
(within a certain range) has a significant impact on short-term 
outcomes, as in our previous studies in the same database such 
an association was not found, neither for MTX in combination 
therapies nor for MTX monotherapy.7 8

Next to the clinical research question, multiple PS played an 
important role in our study. From the onset of this study, we 
have been careful to consider bias. We have acknowledged that 
there was a large risk of confounding by indication and that the 

multiple PS would be an appropriate method to handle this bias. 
Indeed, several of the included baseline variables were unbal-
anced at baseline. However, it is impossible to determine the 
eventual influence of the multiple PS on the effect estimates 
beforehand, and the relatively small differences between crude 
and adjusted analyses should not be a reason to not include the 
multiple PS afterwards. We have shown both crude and adjusted 
analyses, such that the reader can judge both.

Using the multiple PS enabled us to compare three treatment 
groups simultaneously, which was not done in previous studies, 
but more in line with relevant scenarios in daily practice. A 
multiple PS reflects to some extent the prescriber’s perspective 
on a patient’s disease severity and prognosis.9 As in all methods 
used to adjust for bias in observational research, unknown or 
unmeasured factors that influence treatment decisions (cultural, 
socioeconomic, emotional, other) cannot be included in multiple 
PS.9 We agree that we should always remain critical when inter-
preting its results. Nevertheless, a well-applied multiple PS can 
help us shine light on outcomes of daily practice observational 
studies, specifically in the situation in which multiple treatment 
options are available.
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Tocilizumab in patients with adult-onset Still’s 
disease refractory to glucocorticoid treatment

I was pleased to read the article by Kaneko and colleagues1 on 
the efficacy and safety of tocilizumab in patients with adult-onset 
Still’s disease, because the current information on its biologic 
efficacy has been mainly obtained from small retrospective 
case series and not from prospective randomised trials. The 
authors have presented a randomised controlled trial in which 
they suggest that tocilizumab is effective in adult-onset Still’s 
disease refractory to glucocorticoid treatment. Information 
on biologic therapy for the management of adult-onset Still’s 
disease is scarce. In this regard, there is a noteworthy issue. At 
present, the treatment of patients with adult-onset Still’s disease 
remains empirical.2 Corticosteroids are the cornerstones of the 
initial treatment, and conventional disease-modifying antirheu-
matic drugs (DMARDs), such as methotrexate, hydroxychloro-
quine, leflunomide, ciclosporin, tacrolimus and azathioprine, are 
generally used alone or in combination. DMARDs are effective 
means of inducing remission, lowering the risk of relapse and 
minimising glucocorticoid therapy and toxicity in adult-onset 
Still’s disease.3 Thus, DMARDs are therapeutic options in addi-
tion to the standard-of-care treatment with glucocorticoids for 
this disease.4 Biologic agents are generally used as the second-
line treatment because of their high cost and potential toxicity.5 
Biologics may be considered in case of failure of DMARDs to 
control the disease. Although adult-onset Still’s disease is a rare 
systemic inflammatory disorder, biologic therapy represents 
a major breakthrough in the management of patients with 
adult-onset Still’s disease refractory to DMARDs. For example, 
anakinra induced more beneficial responses than DMARDs 
did in patients with refractory adult-onset Still’s disease in 
a randomised study.6 However, there is no strong evidence 
regarding the comparative efficacy of tocilizumab and DMARDs 
in the management of adult-onset Still’s disease. Currently, 
no randomised trial has shown that tocilizumab is superior to 
DMARDs in treating adult-onset Still’s disease refractory to 
glucocorticoid treatment. Thus, treatment for adult-onset Still’s 
disease continues to be a challenge. Further randomised studies 

are warranted to determine the benefits of tocilizumab in terms 
of its glucocorticoid-sparing effect, remission and reduction in 
relapse, compared with DMARD therapy.

Young Ho Lee

Correspondence to Professor Young Ho Lee, Division of Rheumatology, Korea 
University Medical Center, Seoul 02841, South Korea; ​lyhcgh@​korea.​ac.​kr

Competing interests  None declared.

Patient consent  Not required.

Provenance and peer review  Not commissioned; internally peer reviewed.

© Author(s) (or their employer(s)) 2019. No commercial re-use. See rights and 
permissions. Published by BMJ.

To cite Lee YH. Ann Rheum Dis 2019;78:e133.

Received 23 October 2018
Accepted 26 October 2018
Published Online First 2 November 2018

►► http://​dx.​doi.​org/​10.​1136/​annrheumdis-​2018-​214653

Ann Rheum Dis 2019;78:e133. doi:10.1136/annrheumdis-2018-214635

References
	1	 Kaneko Y, Kameda H, Ikeda K, et al. Tocilizumab in patients with adult-onset still’s 

disease refractory to glucocorticoid treatment: a randomised, double-blind, placebo-
controlled phase III trial. Ann Rheum Dis 2017;77:1720–9.

	2	 Castañeda S, Blanco R, González-Gay MA. Adult-onset Still’s disease: advances in the 
treatment. Best Pract Res Clin Rheumatol 2016;30:222–38.

	3	 Yoo DH. Treatment of adult-onset still’s disease: up to date. Expert Rev Clin Immunol 
2017;13:849–66.

	4	 Kalyoncu U, Solmaz D, Emmungil H, et al. Response rate of initial conventional 
treatments, disease course, and related factors of patients with adult-onset Still’s 
disease: data from a large multicenter cohort. J Autoimmun 2016;69:59–63.

	5	 Pasadhika S, Rosenbaum JT. Update on the use of systemic biologic agents in the 
treatment of noninfectious uveitis. Biologics 2014;8:67.

	6	 Nordström D, Knight A, Luukkainen R, et al. Beneficial effect of interleukin 1 inhibition 
with anakinra in adult-onset Still’s disease. An open, randomized, multicenter study. J 
Rheumatol 2012;39:2008–11.

Correspondence

http://www.eular.org/
http://ard.bmj.com/
http://crossmark.crossref.org/dialog/?doi=10.1136/annrheumdis-2018-214635&domain=pdf&date_stamp=2019-010-31
http://dx.doi.org/10.1136/annrheumdis-2018-214653
http://dx.doi.org/10.1136/annrheumdis-2018-213920
http://dx.doi.org/10.1016/j.berh.2016.08.003
http://dx.doi.org/10.1080/1744666X.2017.1332994
http://dx.doi.org/10.1016/j.jaut.2016.02.010
http://dx.doi.org/10.2147/BTT.S41477
http://dx.doi.org/10.3899/jrheum.111549
http://dx.doi.org/10.3899/jrheum.111549
http://ard.bmj.com/


1 of 1Ann Rheum Dis December 2019 Vol 78 No 12

Response to: ‘Tocilizumab in patients 
with adult-onset Still’s disease refractory to 
glucocorticoid treatment’ by Lee

We would like to thank Dr Lee1 for his interest in our paper2 
and for his comments providing futuristic insights into the 
management of adult-onset Still's disease. As he highlights, 
conventional disease-modifying antirheumatic drugs (DMARDs) 
are important options for this disease.3–5 Although the safety 
of biological agents including tocilizumab have been shown 
in patients with rheumatoid arthritis, they are more expensive 
than conventional DMARDs, and the long-term safety of their 
use in patients with adult-onset Still's disease is still unknown. 
Some of patients in our trial had a history of not responding to 
DMARDs such as methotrexate or ciclosporine, but we did not 
collect precise information about patients’ previous treatment 
other than glucocorticoids use.

Our trial was a first step, aimed at proving the efficacy of anti-
interleukin-6 treatment by a high-levelled evidence rather than 
case reports. As Dr Lee mentioned, further randomised studies 
are warranted to determine the optimal management of adult-
onset Still's disease, although the rarity and occasional fatal 
severity of adult-onset Still's disease would hinder determining 
appropriate endpoints and recruiting active patients who are 
refractory to glucocorticoids but can tolerate control treatment 
including placebo or conventional DMARDs. The next step will 
need worldwide cooperation to establish the optimal manage-
ment of adult-onset Still’s in clinical studies with a proper design 
and sample size.
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Inflammation in SLE-PAH: good news or not?

We read with great interest the recent study of Sun et al on the 
two distinct clinical phenotypes of systemic lupus erythema-
tosus (SLE)–associated pulmonary arterial hypertension (PAH).1 
Based on the baseline characteristics of SLE-PAH, two clusters of 
patients were identified as vasculitic subtype, which had systemic 
manifestations and high SLE disease activity, and vasculopathic 
subtype, which tended to have low disease activity but pure PAH. 
It showed that the survival of patients with vasculitic subtype was 
worse than those with vasculopathic subtype. The time interval 
between the diagnosis of SLE and PAH (<2 years) and Systemic 
Lupus Erythematosus Disease Activity Index (SLEDAI >9) were 
identified as two independent predictors of vasculitic subtype. 
A weighted score ≥2 combining these two factors (time interval 
<2 years and ≥2 years were 1 and 0 point, SLEDAI >9, 5–9 
and <5 were 2, 1, 0 point) was further developed as prediction 
model of vasculitic subtype.

Peking Union Medical College Hospital established a prospec-
tive cohort of patients with SLE-PAH in China since 2009. A 
total of 145 patients with SLE-PAH were enrolled. All patients 
were evaluated by right heart catheterisation to confirm the 
diagnosis of PAH. The mean pulmonary arterial pressure was 
46.4±10.9 mm Hg, the pulmonary vascular resistance was 
10.0±4.2 WU and cardiac index was 2.8±0.8 L/min×m2. Other 
groups of pulmonary hypertension were excluded by chest high-
resolution CT scan, pulmonary function test and ventilation/
perfusion (V/Q) scan.

According to the weight score combining the time interval 
between the diagnosis of SLE and PAH and SLEDAI, patients 
were divided into vasculitic subtype (weight score ≥2, 34 
cases) and vasculopathic subtype (weight score <2, 111 cases). 
Kaplan-Meier analysis showed that the survival of vasculitic 
subtype tended to be better than vasculopathic subtype with 
the 3-year survival rates of 92.4% versus 85.5% (p=0.52, HR 
0.70, 95% CI 0.24 to 2.05; figure 1A). The conclusion was not 
changed after adjusting treatment variation (data not shown). 
Besides mortality, we set a secondary end point as treatment goal 
achievement (TGA). Treatment goal was defined as achieved 
when all of the following four aspects were reached, including 
(1) clinical symptoms: no signs of right heart failure, syncope or 
progression; (2) WHO functional class (FC) I or II, or six-minute 
walking distance (6MWD) >380–440 m; (3) serology: brain 
natriuretic peptide (BNP) <50 ng/L or N terminal-pro brain 
natriuretic peptide (NT-proBNP) <300 ng/L; and (4) cardiac 
imaging: normal right atrial area according to echocardiography. 
Notably, it showed that the vasculitic subtype tended to reach 

TGA earlier than vasculopathic subtype with the 3-year TGA 
rates of 71.2% versus 60.7% (p=0.31, HR 1.34, 95% CI 0.76 
to 2.31; figure 1B).

According to the literature, the non-inflammatory subtype 
and the inflammatory subtype of SLE-PAH was previously being 
inferred.2 Our study also showed that baseline inflammation such 
as serositis was an independent predictor of TGA, which asso-
ciated with long-term survival (unpublished data). Patients with 
serositis at baseline tended to benefit from intensive immunosup-
pressive therapy and have a better clinical outcome (unpublished 
data), which indicates that inflammation may play a significant 
role in the prognosis and treatment response in SLE-PAH. It is 
indeed necessary to distinguish patients with SLE-PAH into the 
two phenotypes—vasculitic or vasculopathic subtypes. However, 
the prognosis of vasculitic subtype may not be worse than vascu-
lopathic subtype and needs to be further studied. Several studies 
showed improvement from immunosuppressant therapy.3 4 It 
has been reported that patients with a simultaneous diagnosis of 
PAH and CTD (the diagnosis of PAH and CTD within 6 months) 
and treated with immunosuppressant therapy were prone to 
be short-term responders and had the best survival.5 Our data 
showed that the patients with vasculitic subtype tend to get TGA 
easier and had a higher 3-year survival rate (even without clinical 
significance), suggesting that the vasculitic subtype has a stronger 
inflammatory background and may have a better treatment 
response in immunosuppressant therapy. Notably, the timing of 
treatment can also affect the prognosis that patients may benefit 
from early immunosuppressant treatment. Further study is on 
call to answer these questions.
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Figure 1  (A) Survival curves of patients with SLE-PAH in two different weighted score groups. (B) TGA curves of patients with SLE-PAH in two 
different weighted score groups.
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Response to: ‘Inflammation in SLE-PAH: good 
news or not?’ by Junyan Qian et al

Thank you very much for your interest in our article ‘Two 
distinct clinical phenotypes of pulmonary arterial hypertension 
secondary to systemic lupus erythematosus’, and we are glad to 
answer the question ‘Inflammation in SLE-PAH: good news or 
not?’ as below.

First, referral bias may exist and contribute to the different 
outcome. As an example, the Peking Union Medical College 
Hospital (PUMCH) cohort has more patients with pulmonary 
arterial hypertension secondary to systemic lupus erythema-
tosus (SLE-PAH) with vasculopathic subtype.1 Among these 
patients, the 3-year survival is precisely in line with our two 
cohorts,1 2 suggesting those SLE with ‘pure’ PAH are more 
homogeneous. Further analysing the more heterogeneous 
vasculitic subtype, the baseline manifestations and SLE disease 
activity index (SLEDAI) of our data vary. We totally agree that 
such patients with more systemic inflammatory components 
would be a better responder to immunosuppressive thera-
pies, and some patients may even experience a reversible PAH 
course.3–5 Nevertheless, when talking about all-cause mortality, 
it makes sense that a patient who had a pronounced lupus 
nephritis (LN) or neuropsychiatric systemic lupus nephritis 
(NPSLE) or haematological manifestations on top of PAH will 
have a higher probability of poorer outcome.6 Another scenario 
is that when such patients underwent aggressive immunosup-
pressive therapy and complicated with infection, they tend to 
be more vulnerable to haemodynamically unstable. In other 
words, for those more heterogeneous vasculitic SLE-PAH 
subtype, baseline parameters and other confounders such as 
comorbidities, complications and treatment protocols should 
be scrutinised before a definitive conclusion can be made. It 
seems indisputable that clinical trials should be carried out on 
such patients in order to justify the appropriate combination of 
immunosuppressive therapy and PAH-targeted treatment, and 
improve the overall outcome.

Fangfang Sun,1 Yunxia Lei,2 Xiao Zhang,2 Shuang Ye1

1Department of Rheumatology, School of Medicine, Ren Ji Hospital South Campus, 
Shanghai Jiaotong University, Shanghai, China
2Department of Rheumatology, Guangdong General Hospital, Guangzhou, China

Correspondence to Professor Shuang Ye, Department of Rheumatology, School of 
Medicine, Ren Ji Hospital South Campus, Shanghai Jiao Tong University, Shanghai 
200001, China; ​ye_​shuang2000@​163.​com

Handling editor  Josef S Smolen

Contributors  All authors participated in drafting and revising the response, and 
all authors approved the final version for publication. XZ and SY had full access to 
all the data in the study and take responsibility for the integrity and accuracy of the 
data.

Funding  The authors have not declared a specific grant for this research from any 
funding agency in the public, commercial or not-for-profit sectors.

Competing interests  None declared.

Patient consent  Not required.

Provenance and peer review  Commissioned; internally peer reviewed.

© Author(s) (or their employer(s)) 2019. No commercial re-use. See rights and 
permissions. Published by BMJ.

To cite Sun F, Lei Y, Zhang X, et al. Ann Rheum Dis 2019;78:e136.

Received 1 November 2018
Accepted 1 November 2018
Published Online First 14 November 2018

►► http://​dx.​doi.​org/​10.​1136/​annrheumdis-​2018-​214605

Ann Rheum Dis 2019;78:e136. doi:10.1136/annrheumdis-2018-214647

References
	1	 Qian J, Li M, Zhao J. Inflammation in SLE-PAH: good news or not? Ann Rheum Dis 

2019;78:e135.
	2	 Sun F, Lei Y, Wu W, et al. Two distinct clinical phenotypes of pulmonary arterial 

hypertension secondary to systemic lupus erythematosus. Ann Rheum Dis 
2019;78:148–50.

	3	 Yasuoka H, Shirai Y, Tamura Y, et al. Predictors of favorable responses to 
immunosuppressive treatment in pulmonary arterial hypertension associated with 
connective tissue disease. Circ J 2018;82:546–54.

	4	 Watanabe R, Fujii H, Shirai T, et al. Successful use of intensive immunosuppressive 
therapy for treating simultaneously occurring cerebral lesions and pulmonary 
arterial hypertension in a patient with systemic lupus erythematosus. Intern Med 
2014;53:627–31.

	5	 Huang C, Zhang S, Tian Z, et al. Could pulmonary arterial hypertension be an active 
index of systemic lupus erythematosus? A successful case of SLE-PAH cured by 
methylprednisolone pulse therapy. Lupus 2014;23:1533–6.

	6	 Wu XY, Yang M, Xie YS, et al. Causes of death in hospitalized patients with systemic 
lupus erythematosus: a 10-year multicenter nationwide Chinese cohort. Clin Rheumatol 
2018.

Correspondence response

http://www.eular.org/
http://ard.bmj.com/
http://crossmark.crossref.org/dialog/?doi=10.1136/annrheumdis-2018-214647&domain=pdf&date_stamp=2019-010-31
http://dx.doi.org/10.1136/annrheumdis-2018-214605
http://dx.doi.org/10.1136/annrheumdis-2018-214605
http://dx.doi.org/10.1136/annrheumdis-2018-214197
http://dx.doi.org/10.1253/circj.CJ-17-0351
http://dx.doi.org/10.2169/internalmedicine.53.0514
http://dx.doi.org/10.1177/0961203314552461
http://dx.doi.org/10.1007/s10067-018-4259-z
http://ard.bmj.com/


1 of 1Ann Rheum Dis December 2019 Vol 78 No 12

Chronic hydroxychloroquine/chloroquine 
exposure for connective tissue diseases and risk 
of Alzheimer’s disease

I have read with interest the article by Fardet et al1 regarding 
chronic hydroxychloroquine/chloroquine exposure for connective 
tissue diseases and risk of Alzheimer’s disease. This population-
based cohort study reported that people who had been chronically 
exposed to hydroxychloroquine/chloroquine were not at a higher 
risk of Alzheimer’s disease than the control individuals. However, 
the manuscript has some issues. The results reported by Fardet et 
al differ from those of another retrospective case–control study2 
which demonstrated that patients with rheumatoid arthritis who 
used conventional synthetic disease-modifying antirheumatic drugs 
(csDMARDs) including hydroxychloroquine showed a significant 
association with dementia. First, the risk of confounding may be 
significant in observational studies, and statistical adjustment for 
confounders in observational studies may not entirely resolve 
these problems. Second, the results from observational studies 
might be spurious due to some types of bias, such as reporting and 
recall biases. Considering the lack of evidence from randomised 
controlled trials (RCTs), the conclusions by Fardet et al1 that 
hydroxychloroquine/chloroquine do not confer protection against 
the development of Alzheimer’s disease and those by Chou et al2 
that csDMARD use increases the risk of Alzheimer’s disease may 
be overstated or risky.3 The antimalarial drugs, hydroxychloro-
quine and chloroquine, have well-documented, anti-inflammatory 
activity and effectively suppress microglial neurotoxicity induced 
by β-amyloid protein.4 Currently, no RCTs have examined the role 
of hydroxychloroquine/chloroquine in preventing Alzheimer’s 
disease. Whether hydroxychloroquine/chloroquine increases or 
decreases the development of Alzheimer’s disease cannot yet be 
confidently stated. With respect to the divergent results from obser-
vational studies, well-designed RCTs are required to adequately 
address the complex problem about the relationship between 
hydroxychloroquine/chloroquine use and Alzheimer’s disease risk.
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Response to: ‘Chronic hydroxychloroquine/
chloroquine exposure for connective tissue 
diseases and risk of Alzheimer’s disease’ by Lee

We agree with Lee1 that observational studies are limited by 
unmeasured and unknown confounding which can be best 
handled by a sufficiently powered randomised controlled trial. 
As mentioned in the discussion of our paper, we also acknowl-
edge that Chou et al in their research on the Taiwanese National 
Health Insurance Research Database found that conventional 
synthetic disease-modifying antirheumatic-drugs (csDMARD) 
increases the risk of Alzheimer’s disease rather than providing 
protection.2 It is interesting that both studies failed to epide-
miologically capture any positive anti-inflammatory effects or 
suppression of microglial neurotoxicity induced by β-amyloid 
protein hypothesised to be triggered by these drugs. Further, 
as described in our paper,3 the effect of hydroxychloroquine 
on progression of dementia in early Alzheimer’s disease has 
already been investigated in an 18-month randomised, placebo-
controlled trial that included 168 patients with early Alzhei-
mer’s disease which showed no effect of the treatment against 
placebo.4 There are no randomised controlled trials to date that 
evaluate effects of these drugs on primary prevention of Alzhei-
mer’s disease. This is because such trials would have to run for 
several years and would need to recruit very large numbers of 
people in order to provide a meaningful result. In the absence of 
such evidence large observational studies offer the best next level 
of evidence on which we as clinicians can judge the effectiveness 
and/or safety of drugs.
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‘MAINRITSAN2-the future’, with some doubts!

We read with great interest the article on ‘comparison of indi-
vidually tailored versus fixed-schedule rituximab regimen to 
maintain ANCA-associated vasculitis remission: results of a 
multicentre, randomised controlled, phase III trial (MAIN-
RITSAN2)’ by Charles and Terrier.1 They have tried to address 
a crucial aspect of rituximab dose titration during remission 
maintenance of anti-neutrophil cytoplasmic antibody (ANCA)-
associated vasculitis (AAV). The key message is that, although 
AAV relapse rates did not differ significantly among the two 
groups, the patients in the individually tailored group received 
fewer rituximab infusions. This outcome has a significant bearing 
on cost and drug-related side effects. However, certain aspects of 
this study require further clarification.

First, ‘the trial was designed to detect a 20% absolute 
between-arm difference of relapse, with a 5% alpha risk and 80% 
power in a two-sided test, with 35% relapses in control group’. 
It is not clear why the arbitrary figure of 35% relapse rate in the 
control group was considered when the MAINRITSAN2 study 
had shown a rate of major and minor relapse of 5% and 11%, 
respectively. The same was evident in the present study where 
the relapse rate in the control group was only 9.9%. It would be 
interesting to know the post-hoc power analysis of the present 
study given the difference between the presumed and observed 
relapse rates (35% vs 9.9%).

Second, both the total number of relapses and major relapses 
were higher in the tailored-infusion group compared with the 
fixed-schedule group. Though these were not statistically signif-
icant in the present study, these might become significant on 
long-term follow-up of a larger cohort. It is interesting to know 
that half of the patients with total relapses were always nega-
tive for CD19+B cells. There might be two reasons for this. 
First may be the disturbance of b-cell activating factor (BAFF) 
homeostasis,3 and analysis of BAFF levels in both these groups 
can provide that answer if it has been carried out or the samples 
have been preserved. Second, it may be due to the persistence 
of tissue B cells, despite depletion of the circulatory CD19+ B 
cell.4 If a biopsy was done in any of the patients with relapse 
then the presence of tissue B cells can be looked at in the biopsy 
specimens.

Third, it would be good to have the comparison of a composite 
outcome measure like Q-TWiST [Q-TWiST = (u TOX x 
TOX)+TWiST + (uProg x PROG)] in both these groups. This 
has been reported previously in ‘CORTicosteroid and cyclo- 
phosphamide-based induction therapy for SNV patients AGEd 
≥65 years (CORTAGE)’ trial by the same group,5 and this can 
give a better idea regarding the time in which the patient experi-
enced ≥1 (TOX) serious adverse event (SAE), the time without 
disease activity and SAE (TWiST) and time with disease activity 
(PROG).

Fourth, the definition of major and minor relapses is not 
clear from the supplementary tables. In table S1,1 the patient at 
serial no 9 with mononeuritis was considered to have a major 
relapse, whereas in table S2,1 the patient at serial number 3 with 
mononeuritis was considered to have a minor relapse.

Finally, while doing the cost–benefit analysis of lower ritux-
imab pulses in the tailored arm, the costs of frequent ANCA and 
CD19+ B levels need to be factored in.
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Response to: ‘“MAINRITSAN2-the future”, with 
some doubts!’ by Chattopadhyay et al

We would like to thank Chattopadhyay et al1 for their comments 
regarding our paper.2

The MAINtenance of Remission Using RITuximab in Systemic 
ANCA-associated Vasculitis (MAINRITSAN2) trial was designed 
in 2011. At that time, the MAINRITSAN trial results were not 
yet available, which explains why a conservative hypothesis 
was used to calculate the sample size. Given the low relapse 
rate (9.9%) observed with rituximab maintenance therapy for 
antineutrophil cytoplasm antibody (ANCA)-associated vasculit-
ides (AAVs), our study was underpowered to detect an absolute 
relapse rate difference of 7%. However, a post-hoc power calcu-
lation is not necessary to reach this conclusion.3 The individu-
ally tailored group had more relapses (and major relapses), and 
these differences might have been statistically significant had the 
sample size been larger and/or follow-up longer.

To overcome this situation, we compared absolute differences 
of 7% for relapse rates and 3.7% for major relapse rates with 
the numbers of infusions needed to prevent those relapses. That 
is to say, the tailored-infusion or fixed-schedule group, respec-
tively, received 248 or 381 infusions, meaning that 133 infusions 
were needed to prevent 3 major relapses (ie, ~45 infusions to 
prevent a major relapse at month 28), which would certainly 
make a difference for the patients. A lighter therapeutic regimen 
is always better, as has clearly been supported historically for 
patients with vasculitis. Indeed, the dramatically improved 
prognoses for AAVs observed over the 30 last years are mainly 
attributable to the lower cumulative immunosuppressant and 
glucocorticoid doses administered. Based on our findings, we 
concluded that it seems possible to reduce patients’ rituximab 
exposure, thereby avoiding overtreatment and meeting one of 
our goals.

For the MAINRITSAN and MAINRITSAN2 trials, use of 
a composite outcome (eg, Q-TWIST) was not planned, so 
the required data are not available, but we do not think these 
analyses would have made our message clearer. As previously 
written, relapses were more frequent in the tailored arm, and at 
28 months serious adverse events had occurred in 26 (32.1%) 
tailored-arm vs 31 (38.3%) systematic infusion-arm patients.

In online supplementary table S1, patient 9 had a minor 
relapse with purpura and, despite escalating the glucocorticoid 
dose, he developed mononeuritis multiplex with severe right 
peroneal nerve motor deficit; he was then considered to have 
had a major relapse by the Adjudication Committee. Patient 3 
(online supplementary table S2) experienced only sensory symp-
toms without motor deficiency, and the mononeuritis multiplex 

was confirmed by electromyogram and neuromuscular biopsy. 
We acknowledge that the definition of the severity of these AAV 
peripheral nerve involvements is difficult, but only the former 
patient’s motor deficit warranted being classified as a major 
relapse. Considering patient 9 (online supplementary table S1) 
to be misclassified, as suggested by Chattopadhyay et al,1 would 
have slightly disadvantaged the individually tailored group.

Finally, when we undertake the medical-economic analysis, 
all direct and indirect costs will have to be accounted for, that 
is, hospitalisations (with all related costs), rituximab infusions, 
laboratory tests and so on.
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Knee osteoarthritis and bisphosphonates: Could 
BCP crystals be the missing link?

I read with interest your article regarding the potential of 
bisphosphonates for osteoarthritis (OA).1 Since OA affects the 
entire joint, it is unsurprising that there has been great diffi-
culty developing an effective targeted treatment. The lifetime 
risk of symptomatic knee OA has been estimated to be as high 
as 44.7%,2 and therefore, we are in urgent need of finding a 
disease-modifying OA drug.3

Basic calcium phosphate (BCP) crystals have been found in 
100% of OA knee and hip cartilages removed at joint replace-
ment and therefore might represent a potential therapeutic 
target in OA.4 BCP crystals include various calcium phosphates, 
including partially carbonate-substituted hydroxyapatite, octa-
calcium phosphate, tricalcium phosphate and magnesium whit-
lockite.5 BCP crystals have multiple biologic effects in vitro. 
They have the ability to stimulate prostaglandins, cytokines and 
matrix metalloproteinase synthesis in various cells including 
macrophages, synovial fibroblasts and chondrocytes.6 BCP 
crystals also contribute to inflammation in OA via the innate 
immune system.

Bisphosphonates are well-known analogues of endogenous 
pyrophosphate. They have a strong affinity for bone mineral and 
therefore tightly bind to hydroxyapatite crystals.7 This may be 
the reason behind the potential therapeutic effect of bisphospho-
nates in knee OA. With OA being the most prevalent rheumatic 
disease, affecting millions of patients worldwide, it is essential 
we urgently find a treatment for this much neglected disease. 
There is ample evidence that BCP crystals are a pathogenic medi-
ator of OA and bisphosphonates as a potential OA treatment 
should be explored further.
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Response to: ‘Knee osteoarthritis and 
bisphosphonates: Could BCP crystals be the 
missing link?’ by Murphy et al

I read with great interest the letter from Murphy and McCa-
rthy1: ‘knee osteoarthritis and bisphosphonates: could BCP crys-
tals be the missing link?’.1

I recently gave comments on two case-control studies,2 in which 
the need for a total knee prosthesis was around 25% lower in 
bisphosphonate (BP) users than in controls.3 4 What could be the 
explanation? It could be related to epidemiology: BP-users have a 
healthier lifestyle than non-users, by doing more exercise therapy, 
preventing overweight and so on. The other option is a biological 
effect, for example, an effect of BPs on the underlying subchondral 
bone in patients with osteoarthritis (OA).5

Murphy and McCarthy bring in that BPs have a strong affinity 
for basic crystal phosphates (BCPs) and that this might inhibit 
inflammatory reactions in the synovial fluid.1 They argued that 
BCPs have been found in the cartilage of 100% of patients with OA 
at the time of joint replacement and that BCPs might contribute to 
inflammation in OA.

Although this is certainly a valuable suggestion, the incidence 
of clinically manifest knee-osteoarthritis based on BCP-crystals is 
low in patients with OA. Since knee-OA is a whole joint disease, 
cartilage, bone, synovial inflammation and muscular weakness all 
play a role,6 it is very likely that other factors are among the mean 
determinants of inflammation and pain in patients with knee-OA. 
So, BCP-crystals are probably not ‘the’ missing link, but might be 
a’ missing link.

Nevertheless, since the pathogenesis of OA is not fully eluci-
dated and therapeutic options are scarce, further research in 
the direction of BCPs and BPs in patients with knee-OA is very 
welcome.
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Correction: Mitochondrial DNA haplogroups influence the risk 
of incident knee osteoarthritis in OAI and CHECK cohorts. A 
meta-analysis and functional study
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Correction: Multi-dimensional analysis identified rheumatoid 
arthritis-driving pathway in human T cell. A meta-analysis and 
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The abbreviation for Temra in the legends of figures 1 and 2 should be CD45RA-positive 
effector memory T cell.
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