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=3 SYSTEMIC LUPUS ERYTHEMATOSUS

Keratinocytes: wolves in sheep’s clothing

type I IFN
activity was
enriched in

the skin of
patients with
SLE and at-risk
individuals
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Abundant evidence highlights the
important role of type I interferons
(IFNs) in the pathogenesis of
systemic lupus erythematosus (SLE).
However, the cellular source of
type I IFNs and their regulation in
disease initiation is unclear. New
findings cast doubt on the notion
that plasmacytoid dendritic cells
(pDCs) are key contributors to
excessive type I IFN production in
SLE, and instead implicate human
keratinocytes as a source of type I
IFN in SLE, including in the early
stages of autoimmunity.

To understand the phenotype
and function of pDCs in preclinical
autoimmunity and in disease,
the researchers analysed peripheral
blood mononuclear cells from
healthy individuals, patients with
SLE, patients with primary Sjogren
syndrome (pSS) and ‘at-risk
individuals (defined as anti-nuclear
antibody-positive individuals who
were treatment-naive and had no
more than one clinical criterion for
SLE, with a symptom duration of less
than 12 months).

The patients with SLE or pSS and
the at-risk individuals had decreased
numbers of pDCs compared with
healthy individuals, which was
independent of disease activity and
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immunosuppressive treatment.
Despite this reduction, all three
patient groups had increased type I
IFN activity in their blood that was
unrelated to the reduction in pDC
number.

Further analysis showed that the
function of the pDCs was impaired
in patients with SLE or pSS and in
at-risk individuals. Compared with
pDCs from healthy individuals,
the pDCs from these individuals
produced less cytokines and had a
reduced capacity to stimulate T cell
activation and proliferatation. Again,
this reduction in function was
unrelated to disease activity, therapy
or IFN activity.

“Previous researchers had
suspected that reduced numbers of
pDCs in the blood of patients with
SLE was due to pDC migration into
inflamed tissues. However, a key
aspect of our work is that the same
numeric and functional defect was
seen in at-risk individuals who never
developed clinical autoimmunity or
tissue inflammation,” reports the lead
author Edward Vital.

RNA sequencing analysis of
purified pDCs from healthy indi-
viduals, patients with SLE or at-risk
individuals found that the pDCs clus-
tered according to the expression of
IFN-stimulated genes (ISGs), rather
than according to clinical phenotype.
Hence, the researchers first assigned
each sample an IFN score (on the
basis of the expression of a selection
of ISGs) and grouped the samples
into two subgroups: an IFN"* and an
IFNPiet subgroup.

Given that the function of pDCs
was impaired in patients with SLE
irrespective of IFN activity, the
researchers examined the transcripts
that were differentially expressed in
pDCs from patients with SLE in both
the IFNPs" and IFN'" subgroups,
compared with pDCs from healthy
individuals, narrowing the list down

to 80 differentially expressed tran-
scripts. Among these transcripts were
genes involved in cellular senescence
and stress.

Further in vitro experiments found
that pDCs from patients with SLE had
shorter telomere lengths compared
with pDCs from healthy individuals,
and that mild oxidative stress could
inhibit the ability of healthy pDCs to
produce IFNq, further implicating
these two processes in the loss of
function of pDCs in preclinical SLE.

Given that pDCs are unlikely to
be the source of aberrant type I IFN
production in SLE, and that type I
IFN activity in the blood was asso-
ciated with mucocutaneous disease
activity, the researchers examined
paired skin and blood samples.
Notably, type I IFN activity was
enriched in the skin of patients with
SLE and at-risk individuals (being
5,000 times higher in the skin of some
patients than in healthy individuals).

Further analysis identified
keratinocytes as the source of this
type I IFN activity. Even at baseline,
keratinocytes from the skin of at
risk individuals or patients with SLE
expressed IFN«k (unlike in healthy
individuals), and this expression
further increased following in vitro
stimulation.

“These findings suggest
keratinocytes as a source of type I
IFN in autoimmune disease, and
raise questions about the relative
contribution of pDCs to the well
described type I IFN signature
in autoimmunity;” says Timothy
Niewold, an expert on type I IFNs
in SLE who was not involved in
the study. “It will be fascinating
to understand the cause of IFNk
production in keratinocytes, and
why this production occurs in
patients with autoimmune or
incomplete autoimmune disease.”

Jessica McHugh

ORIGINAL ARTICLE Psarras, A. et al. Functionally
impaired plasmacytoid dendritic cells and non-
haematopoietic sources of type | interferon
characterize human autoimmunity. Nat. Commun.
11,6149 (2020)
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=4 RHEUMATOID ARTHRITIS

Regulatory eosinophils to the rescue

Eosinophils are typically associated
with type 2 immunity and inflam-
matory conditions such as asthma
and allergies; however, they can

also produce anti-inflammatory
molecules, and previous studies have
linked type 2 immune responses and
eosinophils to arthritis resolution.
The results of a new study reveal how
a subset of eosinophils can regulate
arthritis resolution and provide
evidence for a beneficial effect of
certain types of asthma on arthritis.

“In this study, we identified for
the first time an immune-regulatory
eosinophil subset in the synovial
tissue of mice and humans,” states
corresponding author Aline Bozec.
“Strikingly, the signature of
pro-resolving synovial eosinophils
is completely distinct from the
inflammatory eosinophils that arise
in the lungs during asthma.”

Bozec and colleagues began by
establishing that mice with type 2
allergic asthma (characterized by
eosinophilia) were able to resolve

=34 LUPUS NEPHRITIS

K/BxN serum transfer-induced
arthritis more quickly than mice
without asthma. This rapid disease
resolution was associated with an
increased number of eosinophils

in the joints, and could not be
achieved when asthma and arthritis
were induced in mice that lacked

eosinophils.

Using single-cell

RNA sequencing,
the researchers
discovered distinct

phenotypes of

eosinophils in

the

lungs and joints.
Lung eosinophils
from mice with

asthma and
arthritis had
a classic pro-
inflammatory

phenotype,

®s

whereas synovial
eosinophils had

a pro-resolving
phenotype that was

rapid disease
resolution was
associated with
an increased
number of
eosinophils

in the joints

U

i

Springer Nature Limited

Credit: S. Harris/

o

Targeting Kv1.3 channels on T cells

Kidney infiltration of activated

memory T (T,) cells contributes to

the pathogenesis of lupus nephritis
(LN). These cells express high levels of
voltage-gated Kv1.3 potassium channels,
which are important regulators of T cell
function owing to their role in control
of Ca* influx. A new study reports that
selectively targeting Kv1.3 on Ty, cells
using nanoparticles could potentially be
beneficialin LN.

The researchers found increased
infiltration of CD4*and CD8" T cells in
kidney biopsy samples from patients
with LN or diabetic kidney disease
(DKD) compared with normal kidney
samples. Moreover, the LN samples had
a higher ratio of CD8* to CD4* T cells
and a fourfold higher density of
CD8*CD45RO* T,, cells than the
DKD samples.

Immunofluorescence staining indi-
cated higher expression of Kv1.3,
the cytotoxic protease granzyme B
and the proliferation marker Ki-67 in
kidney-infiltrating CD8* T cells from

... targeted

knockdown of

Kv1.3 using
nanoparticles
might be of
therapeutic

value in [lupus

nephritis]

patients with LN than in those from
normal kidneys. “These results showed
that high Kv1.3 expression in LN
[kidney-infiltrating T cells] occurs with
increased cytotoxicity and cell prolifer-
ation,” say the researchers. “Therefore,
a therapy that blocks Kv1.3 channels

in Ty, cells of patients with LN could
reduce the activity of [these T cells].”

To test this hypothesis, the researchers
used lipid nanovesicles containing
smallinterfering RNA against Kv1.3 and
coated with a monoclonal antibody
against CD45RO to selectively target
Ty cells. They report that incubation
of T cells from patients with LN with
these nanoparticles reduced T cell
expression of CD40L and IFNy, which
contribute to the pathogenesis of LN.
Similarly, pretreatment of peripheral
blood mononuclear cells with Kv1.3
nanoparticles before engraftmentin a
humanized mouse model of LN resulted
in a reduction in the expression of
CD40L and IFNy on splenocytes at day 7
and improved the survival of these mice.

characterized by the production of
lipid resolvins.

Mechanistically, Bozec and
colleagues showed that regulatory
eosinophils expand in response
to IL-5 produced by type 2 innate
lymphoid cells in the lungs, and
that they elicit their pro-resolving
effects in the joints by stimulating
alternatively activated macrophages.

Eosinophils have similar roles in
mice and humans, so these cells might
also be important for rheumatoid
arthritis (RA); indeed, patients
with RA in remission had increased
numbers of regulatory eosinophils
in their joints compared with
patients with active RA. Interestingly,
treatment of asthma with an anti-IL-5
antibody induced RA flares in
patients who had both asthma and
RA that was previously in remission,
suggesting an important role for
IL-5, and potentially for regulatory
eosinophils, in RA resolution.

Joanna Clarke

ORIGINAL ARTICLE Andreeyv, D. et al. Regulatory
eosinophils induce the resolution of experimental
arthritis and appear in remission state of human
rheumatoid arthritis. Ann. Rheum. Dis. https://doi.
org/10.1136/annrheumdis-2020-218902 (2020)
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The researchers conclude that
targeted knockdown of Kv1.3 using
nanoparticles might be of therapeutic
value in LN. However, they caution
that long-term studies in mice with
established pathology are required to
further investigate this strategy.

Ellen F. Carney

This article is modified from the original in

Nat. Rev. Nephrol.
(https://doi.org/10.1038/s41581-020-00387-y).

ORIGINAL ARTICLE Khodoun, M. et al. Targeted
knockdown of Kv1.3 channelsin T lymphocytes
corrects the disease manifestations associated
with systemic lupus erythematosus. Sci. Adv. 6,
eabd1471(2020)
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“4 EPIDEMIOLOGY IN 2020

Spectrum and impact of
checkpoint inhibitor-induced

irAEs

Laura C. Cappelli and Clifton O. Bingham Il

Immune checkpoint inhibitors, which are used to treat many types of
cancer, can cause syndromes similar to rheumatic diseases known asimmune-
related adverse events (irAEs). In 2020, several studies illustrated the
clinical heterogeneity of rheumatic irAEs and highlighted their substantial

effect on morbidity and mortality.

Immune checkpoint inhibitors (ICIs), the
most commonly used class of cancer immuno-
therapy, can cause immune-related adverse
events (irAEs). IrAEs are inflammatory syn-
dromes affecting almost any organ system
that often share similarities with autoimmune
inflammatory diseases. The spectrum of irAEs
with similar manifestations to autoimmune
rheumatic disease includes inflammatory
arthritis, sicca syndrome, polymyalgia rheu-
matica (PMR), myositis, vasculitis, systemic
sclerosis (SSc, also known as scleroderma)
and several other syndromes’. Although
rheumatic irAEs were not well-recognized in
initial clinical trials of ICI therapy, they are
now increasingly noted, and several studies
published within the past year highlight the
range of rheumatic events induced by ICI
therapy, their effects on patients with cancer
and the outcomes of irAE treatment’ (FIG. 1).

One potential reason that rheumatic irAEs
were initially studied less frequently than other
irAEs, such as colitis or pneumonitis, was the
perception that they were associated with
lower rates of morbidity and mortality. A 2020
study by Allenbach et al.” utilized the World
Health Organization (WHO) pharmacovigi-
lance database to evaluate rheumatic irAEs,
with disproportionality analysis performed
to identify whether drug-induced rheumatic
events were more common in ICI-treated
patients as compared with patients in the
entire database. A total of 1,288 rheumatic
irAEs were identified. The highest reporting
odds ratio (ROR) for a rheumatic irAE was for

PMR (ROR 14.6,95% CI 11.6-18.4), followed
by sarcoidosis (ROR 9.6, 95% CI 7.9-11.9)
and Sjogren syndrome (ROR 6.9, 95% CI
5.2-9.2). The full range of rheumatic irAEs
over-reported in ICI-treated patients in the
WHO database included myositis, arthritis
and SSc. Notably, systemic lupus erythema-
tosus and mixed connective tissue disorder
were not over-reported, consistent with prior
observations®. Rheumatic irAEs were more
frequently reported in patients who received
a combination of CTLA4 and PD1 blockers
as opposed to monotherapy with either class
of agent alone. Myositis had the highest mor-
tality rate of all the rheumatic irAEs (24%);
other irAEs had mortality rates of 0-6.7%.
This high rate of mortality for myositis was
attributable at least in part to those patients
with concurrent myocarditis or myasthenia
gravis, who had even higher mortality rates
(56.7% and 27.9%, respectively). Myositis
also had the shortest time to onset from ini-
tiation of ICI therapy (median 31 days). The
results of this study emphasize the severity of
ICI-induced myositis, particularly if associ-
ated with myocarditis or myasthenia gravis.
Clinicians should be aware of this early and
severe irAE.

Another 2020 study that focused on the
full spectrum of rheumatic irAEs was a multi-
centre study by Roberts et al.’, which reported
data from May 2018 onward from ten aca-
demic rheumatology centres across Canada.
A total of 136 rheumatic irAEs were identified;
the most common of which was symmetric

polyarthritis, followed by PMR-like symp-
toms and sicca syndrome. Most patients had
grade 1 (mild) or grade 2 (moderate) irAEs
according to the Common Terminology
Criteria for Adverse Events (CTCAE). About
two-thirds of the patients required temporary
holding or discontinuation of ICI therapy. The
majority (65%) of patients received oral gluco-
corticoids but only one-third of these patients
achieved a complete response to steroid treat-
ment. DMARDs used included methotrexate,
hydroxychloroquine, mycophenolate mofetil,
sulfasalazine and leflunomide. Eight patients
were treated with TNF inhibitors, and one
patient received rituximab. Most patients in
the study had a complete or partial response
of their cancer to ICI therapy. Among patients
treated for their irAE, this tumour response
was maintained or improved in all except
7.7%, whose tumours worsened. The findings
from this study confirm that inflammatory
arthritis is the most frequent irAE encoun-
tered by rheumatologists and also show that
most patients did not have a worsening of
their tumours despite treatment of the irAE
with corticosteroids and/or DMARDs.

In addition to the impact of irAEs on mor-
tality and tumour response, their effects on
patients’ quality of life are beginning to be
appreciated. In 2020, the first qualitative study
of a rheumatic irAE, inflammatory arthritis,
was published. In this study, researchers inter-
viewed 14 patients with inflammatory arthri-
tis attributable to ICI therapy’. Participants
noted a delay in the diagnosis of arthritis
owing to a lack of awareness, of both patients
and health-care providers, of arthritis being

Key advances

¢ Immune checkpoint inhibitor (ICI)-
induced myositis has a high mortality
rate, particularly when associated with
myocarditis and myasthenia gravis, and
can happen shortly after ICl initiation”.

Rheumatic immune-related adverse events
(irAEs) of all kinds necessitate systemic
immunosuppression, and for most patients in
one multicentre study, tumour response did
not worsen after treatment of these irAEs>.

Patients with inflammatory arthritis
attributable to ICl therapy experience
substantial emotional and functional
effects, outcomes that could be improved
with increased awareness, multidisciplinary
care and increased social support’.
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Fig. 1| New insights into the occurrence and effects of ICl-induced irAEs. Studies
published in 2020 highlight the clinical spectrum of immune checkpoint inhibitor (ICl)-induced
immune-related adverse events (irAEs) and their effects on mortality, tumour response and

patients’ quality of life.

an irAE from ICI therapy. A somewhat sur-
prising finding was that the emotional and
quality of life effects of inflammatory arthritis
were as severe or worse than those of other
irAEs or the underlying cancer diagnosis.
Patients also felt less supported by family
and friends through their arthritis diagno-
sis as compared with their cancer diagnosis.
Finally, decision-making proved complicated
for patients with ICI-induced inflammatory
arthritis, owing to fear of cancer returning or
advancing and uncertainty about their can-
cer prognosis. This fear influenced whether
patients reported symptoms of inflamma-
tory arthritis to their physicians, whether
they wanted to continue ICI therapy and
whether they started immunosuppressive
medications to treat the arthritis. This study
highlights the difficult decisions patients with
rheumatic irAEs must make; this difficulty is
enhanced by the lack of evidence regarding
the treatment of rheumatic irAEs.

Adding to these epidemiological and
clinical observations, several other studies
have evaluated the imaging characteristics
of musculoskeletal irAEs. In a 2020 study of
eight patients with inflammatory arthritis
attributable to ICI therapy®, MRI exami-
nations identified tenosynovitis and bone

marrow oedema in small joints, and joint
effusions and synovial thickening in larger
joints. Notably, early erosive disease was
evident, occurring as soon as 4 weeks after
the onset of symptoms in one patient. These
findings are similar to those from past studies,
in which patients with ICI-induced inflam-
matory arthritis were evaluated using ultra-
sonography’. Another MRI study examined
ten patients who developed more general
musculoskeletal complaints (as opposed to
inflammatory arthritis specifically) dur-
ing ICI therapy®. Three main patterns were
evident on MRI: prominent joint involve-
ment, prominent periarticular involvement
and myofasciitis. Patients with periarticular
involvement were almost a hybrid of the
other groups in that they had tenosynovitis
and myositis and/or fasciitis in tissues sur-
rounding the affected joints. The finding of
myofasciitis in several patients with muscu-
loskeletal pain suggests that the affected
tissue might not always be the synovium or
joint structures. This finding has implica-
tions for understanding the pathogenesis of
and risk factors for irAEs, as the underlying
biology could differ between patients with
prominent synovitis and those with promi-
nent myofasciitis. This study, like others,

found a higher rate of tumour response in
ICI-treated patients who developed muscu-
loskeletal compared with those who did not
(50% versus 12.5%, P=0.0016).

These and other studies have opened
exciting avenues of research in the field of
rheumatic irAEs associated with ICI ther-
apy. Further investigation into the heteroge-
neity of rheumatic irAEs is warranted as it
could reveal biologically relevant subgroups
for analysis. Larger imaging studies using
MRI and ultrasonography could tell us more
about patterns of involvement and define the
relevant tissue for further laboratory analy-
sis. Treatment studies should focus both on
corticosteroid dosing and optimal use of
steroid-sparing agents. Prospective studies
with long-term follow-up will increase the
confidence of clinicians counseling patients
receiving ICI therapy who develop irAEs
about the effects of immunosuppression on
their tumour response.
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“d coviD-19 IN 2020

Rheumatic disease and
COVID-19: epidemiology

and outcomes

Kimme L. Hyrich® and Pedro M. Machado

Since the outset of the COVID-19 pandemic, numerous risk factors for
severe disease have been identified. Whether patients with rheumatic
diseases, especially those receiving DMARD:s, are at an increased risk
of SARS-CoV-2 infection or severe COVID-19 disease remains unclear,
although epidemiological studies are providing some insight.

The COVID-19 pandemic, caused by SARS-
CoV-2 infection, has seen over 71 million
confirmed cases and over 1.6 million deaths
worldwide recorded up to 15 December 2020,
although the true number of cases worldwide
is unknown'. For most people, COVID-19
will cause a mild-to-moderate flu-like illness
characterized by fever, cough, and loss of taste
and smell, among other symptoms; for some
patients, however, the disease takes a severe
and aggressive form, requiring hospitaliza-
tion and ventilatory support, and potentially
results in death. Whether or not patients with
pre-existing immune-mediated inflamma-
tory diseases (IMIDs), such as rheumatic dis-
eases, are at an increased risk of SARS-CoV-2
infection or of severe COVID-19 outcomes
remains unclear. Over the past 6 months,
an unprecedented number of case series
and reports of COVID-19 in patients with
rheumatic diseases have been published; in
this Year in Review commentary we high-
light three of the larger studies published
over this period of the pandemic®™, which
have advanced our knowledge of the risk of
COVID-19 in this population (FIG. 1).

Using data from the new OpenSAFELY
electronic platform, holding the primary
care health records of ~17 million adults in
England, Williamson et al.” examined factors
associated with 10,926 COVID-19-related
deaths (0.06% of the study population)
over the first 3 months of the pandemic.
They observed that people with a diagnosis
of rheumatoid arthritis (RA), systemic lupus
erythematosus (SLE) or psoriasis, analysed
as a combined group (5.1% of the study
population), were (slightly) more likely to die
in relation to COVID-19 compared to people
without one of these diagnoses; this finding
persisted after allowing for any variation in
age, sex, ethnicity, social deprivation and the
presence of other chronic health conditions

(adjusted HR 1.19; 95% CI 1.11-1.27). This
observation is important but is limited by the
lack of more specific knowledge of the diseases
at the individual level, a common limitation
of primary care data. Rheumatic diseases
are highly heterogeneous, and thus informa-
tion on current levels of disease activity, spe-
cific disease-related comorbidities and, most
critically, the use of glucocorticoids and/or
DMARDs, all of which are themselves risk fac-
tors for serious infection’, is needed to further
understand what is driving this increased risk
of COVID-19-related death. The investigators
also did not have access to data on the preva-
lence of SARS-CoV-2 infection in the popu-
lation, so it is not known whether patients with
these conditions are at increased risk of infec-
tion or of dying if infected. Although tempting,
causal interpretations of the OpenSAFELY
findings should be avoided.

The potential role of DMARD:s in the
presentation, severity and even management
of COVID-19 has received considerable atten-
tion. At the outset of the pandemic, hydroxy-
chloroquine was touted as both a preventive
and therapeutic treatment for COVID-19, but
subsequent clinical trials have not found any
benefit®. Many cytokines, such as TNF and
IL-6, are involved in both the physiological
response as well as the pathological response
(for example, the ‘cytokine stormr’) seen with
COVID-19 (REF). Cytokine inhibitors used in
rheumatic diseases are therefore of interest,
in terms of whether they are effective treat-
ments for severe COVID-19 and whether
their chronic use in patients with rheumatic
diseases might alter the course of infection.
However, the role of a cytokine storm in
COVID-19-induced organ dysfunction has
been questioned, as the extent of cytokinae-
mia in cases of severe and critical COVID-19
is less than that seen in other disorders asso-
ciated with elevated cytokine production,

such as chimeric antigen receptor (CAR)
T cell-induced cytokine release syndrome
and non-COVID-19 acute respiratory distress
syndrome®.

To explore whether cytokine inhibitors could
modulate the risk of infection, Simon et al.’
undertook a study looking at SARS-CoV-2
seroprevalence among 793 patients with
IMIDs in Bavaria, Germany, 534 of whom
were receiving cytokine inhibitors and 359
of whom were not, as well as 971 healthy indi-
viduals and 285 health-care professionals.
Overall, the prevalence of seroconversion was
very low; only 46 people (2.2% of the total
cohort) tested positive for anti-SARS-CoV-2
IgG antibodies. Compared with healthy indi-
viduals, the rate of positivity did not differ in
patients with IMIDs not receiving cytokine
inhibitors (relative risk (RR) 1.21; 95% CI
0.50-2.90) but was significantly lower among
those who were receiving them (RR 0.32; 95%
CI 0.11-0.99). Patients with IMIDs were less
likely to have traveled or been in contact with an
infected person than were the healthy individu-
als, but these behaviours were not related to use
of cytokine inhibitors, suggesting the possibility
that, in some way, these therapies might reduce
susceptibility to COVID-19. A correlation
between SARS-CoV-2 IgG antibody titre and
severity of COVID-19 has also been reported’,
which could suggest that patients receiving
cytokine inhibitors might have been exposed
to SARS-CoV-2 infection but did not develop
symptomatic illness. Unfortunately, the number
of cases in the Simon et al.” study was too low
to draw any more specific conclusions on the
role of anti-cytokine therapies in COVID-19
disease severity, and therefore caution must be
taken to not overinterpret these data, as there
were in fact no significant differences (overlap-
ping confidence intervals) in seroconversion
rates between patients with IMIDs receiving
and not receiving cytokine inhibitors.

Key advances

* Patients with rheumatoid arthritis, systemic
lupus erythematosus or psoriasis, when
analysed as a combined group, might have
aslightly increased risk of death from
COVID-19 compared to those without
these diseases, although the role of disease
activity and treatment in this risk estimation
was not taken into account’.

* Treatment with cytokine inhibitors could
reduce the risk of SARS-SoV-2 infection
(as measured by development of SARS-CoV-2
antibodies), although the mechanisms of this
protective effect are not clear’.

Chronic use of glucocorticoids at
moderate or high doses (=10 mg per day
prednisolone or equivalent) is associated
with hospitalization for severe COVID-19*.
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Finally, the first publication from the
COVID-19 Global Rheumatology Alliance
(C19-GRA) examined factors associated with
hospitalization among 600 cases of COVID-19
in patients with rheumatic diseases’. C19-GRA
hosts an international database aiming to
capture detailed data from rheumatology
providers on COVID-19 outcomes in patients
with rheumatic diseases, in order to address
the knowledge gap regarding factors asso-
ciated with severe disease. Since launching
in March 2020, >5,000 cases globally have
been reported via its European and global
registries'’. Of the 600 cases included in the
analysis by Gianfrancesco et al.%, 277 (46%)
required hospitalization. As in the general
population, older age and the presence of
additional underlying health conditions were
factors associated with hospitalization. Use
of hydroxychloroquine was not associated
with hospitalization (adjusted odds ratio
(OR) 0.94; 95% CI 0.57-1.57) but use of
high-dose glucocorticoids (=10 mg per day
of prednisolone-equivalent) was (adjusted
OR 2.05; 95% CI 1.06-3.96). The study
also included a preliminary analysis of
DMARD exposure and found that compared
with patients who were not receiving DMARDs,

Age >65 years
Hypertension or CVD
Lung disease
Diabetes

CRI/ESRD

No DMARD (reference)
csDMARD only

patients receiving biologic DMARDs (with
TNF inhibitors being the most commonly
prescribed) were less likely to be hospitalized
(adjusted OR 0.46; 95% CI 0.22-0.93). Owing
to the design of the C19-GRA database, it is
not possible to conclude whether this obser-
vation is attributable to a higher than expec-
ted mortality rate in patients not receiving
DMARD: or to a protective effect of biologic
DMARD:s. Patients receiving certain thera-
pies, such as biologic DMARDs, might also be
followed more closely in rheumatology clinics
and, therefore, mild cases might be more likely
to come to the attention of rheumatologists.
Patients seen less frequently in rheumatology
clinics might only come to the attention of the
rheumatologist following hospitalization. Like
the Williamson et al.” and Simon et al.” stud-
ies, interpretation of the findings of this study”
in causal terms should be avoided.

Many questions about COVID-19 in
patients with rheumatic diseases remain
unanswered. Further studies are required to
understand the differential risk between rheu-
matic diseases, the individual risk associated
with use of the various classes of DMARD:s,
as well as the long-term effects of COVID-19
in this population, in order to advise on future

1

b/tsDMARD only

Any anti-TNF therapy
csDMARD + b/tsDMARD
combination therapy

No GC (reference)

Prednisone-equivalent GC
1-9 mg/day
Prednisone-equivalent GC
>10 mg/day

—— ——

f T
0.10 0.20

T T
0.60 1.00 2.00

Adjusted OR

Fig. 1| Factors associated with hospitalization for COVID-19 infection. This graph visualizes
data from 600 patients with rheumatic diseases recorded in the COVID-19 Global Rheumatology
Alliance international physician registry, reported by Gianfrancesco et al.". Associations between
the various factors and odds of hospitalization were estimated using multivariable-adjusted logistic
regression and reported as odds ratios (ORs) with 95% confidence intervals. b/tsDMARD, biologic/
targeted synthetic DMARD; CRI, chronic renal insufficiency; csDMARD, conventional synthetic
DMARD; CVD, cardiovascular disease; ESRD, end-stage renal disease; GC, glucocorticoid.

social behaviour or treatment decisions. It is
early days and as more cases (unfortunately)
accrue, we will continue to learn more about
this novel infection.
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W) Check for updates

Switching on resolution to
treat RA moves closer to reality

Mauro Perretti

In inflammatory arthritides, such as rheumatoid arthritis (RA), synovial cells
acquire aggressive and disruptive phenotypes that lead to joint disease.
Three studies published in 2020 have described phenotypic variation in
synovial cells, offering a novel perspective on the potential to resolve
pathology and augment treatment options for patients with RA.

Chronic diseases, such as rheumatoid arthri-
tis (RA), are characterized by progressive
alterations in affected tissues and marked
changes in the phenotype of resident stro-
mal and blood-borne immune cells. These
changes are considered terminal, hence cur-
rent therapeutic options aim to stop further
damage and local inflammation by blocking
specific cytokines or other pro-inflammatory
mediators. Owing to the complexity of RA,
combinations of therapies are often used to
hit multiple molecular and cellular targets.
However, although effective in a propor-
tion of patients, these therapies elicit a poor
response in an equally relevant proportion
of people. Moreover, even when a clinical
response is obtained, remission is seldom
achieved. In 2020, three studies have begun
to define the cell phenotypes and subsets
within diseased joints and have highlighted
several cell subsets that are involved in the
resolution of inflammation'~. Such studies
will provide guidance for the identification of
therapeutic targets and steer the development
of fresh therapeutic approaches that could
be of value in overcoming unmet clinical
needs in RA (FIC. 1).

The term ‘resolution of inflammation’
is used to identify a cluster of endogenous
mediators and receptors that ensure an acute
inflammatory response remains checked
in space and time and eventually resolves’.
When inflammation does not resolve and
becomes chronic, physiological resolution
processes might not be operative. From a
therapeutic perspective, the reactivation of
resolution-mediated responses in chronic
diseases, through the engagement of specific
pro-resolving receptors, offers the opportu-
nity to switch cell behaviour to less aggressive
phenotypes. Such a strategy would affect dis-
ease progression in a different way than ther-
apies that inhibit specific pro-inflammatory
pathways are able to".

To date, the potential effects of pro-resolving
mediators and receptors have mostly been
investigated in rodents and, although non-
redundant regulatory effects on severity and
duration of joint disease have been reported,
little translation has occurred to human set-
tings. In 2020, Alivernini et al. conducted a
deep analysis of human synovial macrophages,
applying an innovative comparative approach
that included the use of synovial tissue from
patients with RA in sustained remission’. This
study capitalized on a 2019 study in which
human synovial macrophages were described
as clustering into distinct sub-populations’. By
complementing single-cell analyses with other
deep-phenotyping approaches, Alivernini
and colleagues compared synovial macro-
phage profiles from healthy synovial tissue
with those from patients with active RA and
patients with RA in remission'. Such clear-cut
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tissue repair
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clinical groupings underpin the importance of
the scientific outcome of this study, which cul-
minated in the identification of a pro-resolving
MerTK*CD206" synovial macrophage popu-
lation. MerTK*CD206* synovial macrophages
were more abundant in healthy synovium and
synovium from patients with RA in remission
than in synovium from patients with active RA,
in which this cell subtype was outnumbered by
pro-inflammatory macrophages. Compared
with other synovial macrophage subsets,
MerTK*CD206" cells displayed markers
indicative of a reparative phenotype, including
the scavenger receptor CD163 and the phos-
phatase DUSP1. Intriguingly, both CD163 and
DUSP1 are upregulated by glucocorticoids,
which are known to be beneficial in RA and
to afford marked modulation of macrophage
phenotypes in multiple disease settings®.

Two other considerations are due. First,
the localization of MerTK*CD206" synovial
macrophages to the lining layer of the RA syno-
vium and the abundance of MerTK-CD206*
synovial macrophages in the sub-lining layer'
confirm, at least in part, results from mouse
models as to the architecture of pathogenic tis-
sue in RA’. Second, once stimulated ex-vivo,
MerTK*CD206" synovial macrophages pro-
duce large amounts of the pro-resolving
mediators resolvin D1 and IL-10, and small
amounts of the pro-inflammatory cytokines
IL-1 and IL-6 (REF.), indicating that pro-
resolving synovial macrophages have the
potential to activate counter-regulatory cir-
cuits within a diseased joint. Notably, resolvin
D1 is detected in synovial fluid from patients
with RA and can accelerate the resolution of
experimental arthritis®. Altogether, the results

Sub-lining
Favours inflammation and tissue
damage

Pro-inflammatory
macrophage subsets
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reduce cell proliferation

THY1*NOTCH3* fibroblasts

Activate MC, to induce
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Fig. 1| Would being able to alter synovial cell phenotypes help to resolve RA? A viable way

to revert the course of joint disease lies in the possibility of switching the phenotype of synovial cells
from pro-inflammatory to pro-resolving. Pro-resolving MerTK*CD206* synovial macrophages exist

in patients with rheumatoid arthritis (RA) in long-term remission, offering hope that these cells could
potentially be harnessed for therapeutic purposes. Similarly, pro-inflammatory THY1* synovial fibro-
blasts invade the sub-lining tissue through a NOTCH3-mediated differentiation process, suggesting
that strategies aimed at blocking NOTCH3 could be of therapeutic value. Meanwhile, a new approach
to revert the fibroblast phenotype is provided by activation of a specific G protein-coupled receptor,
the melanocortin type 1 receptor (MC,), which leads to cellular senescence. MC,-induced senescent
fibroblasts acquire pro-reparative properties, which could favour remodelling to temper joint

inflammation.
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e A subset of synovial macrophages with a
pro-resolving phenotype can be used to
predict remission in rheumatoid arthritis
(RA)*; promoting the formation of
pro-resolving macrophages might be
therapeutically viable.

e Different fibroblast subtypes exist in RA
synovium; blocking the NOTCH3 pathway
can attenuate the proliferation of an
aggressive subtype within the pannus in
experimental arthritis with therapeutic
benefit’.

* Agonism of melanocortin type 1 receptor can
temper the activation of synovial fibroblasts
via the induction of senescence and is
associated with a reparative phenotype’.

of the study by Alivernini et al." highlight
the potential for resolution in the context of
RA and provide links between pro-resolving
macrophages and disease remission.

Advances in technology have also enabled
the deep phenotyping and characterization
of fibroblasts within the synovium. A ground-
breaking study published in 2019 defined
two main synovial fibroblast subsets, one in
the lining and one in the sub-lining, that had
distinct pathogenic properties’, but did not
identify the molecular signals responsible for
fibroblast expansion within the synovium.
In 2020, Wei et al. reported the existence of
‘positional identity’ in synovial fibroblast sub-
sets in RA and characterized lubricin® lining
synovial fibroblasts and THY1* sub-lining
synovial fibroblasts, as well as an intermedi-
ate cell population’. In this study, the authors
integrated single-cell transcriptomic data with
confocal microscopy to reveal the existence
of a cell-intrinsic transcriptional programme
that functions alongside a gradient of gene
expression patterns that span the synovium
from perivascular regions to the lining layer.
The so-called positional identity of the fibro-
blasts (the transcriptomic profiles for each
subset; lining, sub-lining and intermediate) is
rapidly lost when cells are cultured ex vivo; for
example, the presence of endothelial cells is
a prerequisite for keeping the transcriptomic
profile of THY1* sub-lining fibroblasts in
organoid cultures’.

Wei and colleagues also identified
NOTCHS3, a receptor expressed on RA sub-
lining fibroblasts, as important for deter-
mining fibroblast expansion within the
synovium?®. These sophisticated analyses of

the human synovium were complemented
by an assessment of the effect of NOTCH3
in experimental arthritis. The absence of
NOTCHS3 or the application of antibodies
that block NOTCHS3 signalling showed a
remarkable inhibitory effect in the K/BxN
serum transfer mouse model of arthritis,
providing another parallel between human
disease and experimental modelling of
patho-pharmacology. The authors con-
cluded that the discovery of a pathogenic
sub-lining fibroblast population amplified in
a NOTCH3-mediated manner could support
the development of the fibroblast-directed
therapies that are currently missing from
those therapies available to rheumatologists’.

In further support of a fibroblast-directed
therapeutic approach, in 2020 Montero-
Melendez et al.’ reported that melanocortin
receptor type 1 (MC,) promotes senescence
in proliferating synovial fibroblasts, yielding
a resolving phenotype. Since the seminal
work of Philip Hench, melanocortins such as
adrenocorticotrophin have been known to be
beneficial in RA, as well as in gout (reviewed
elsewhere!?). Over the past two decades,
extra-adrenal receptors for melanocortins
have been identified, a finding that explains the
peripheral actions of these molecules. In this
context, melanocortins have emerged as
mediators endowed with anti-inflammatory
properties and pro-resolving actions'’.

By studying the expression of several
elements of the melanocortin system in RA
synovial fibroblasts, Montero-Melendez et al.
revealed the presence of MC, on these cells
and discovered that selective activation of
this receptor arrested cell proliferation’. This
effect was associated with remarkable down-
stream consequences: MC -activated fibro-
blasts entered senescence, stopped releasing
pro-inflammatory mediators and acquired
a remodelling phenotype. Moreover, the
NOTCHS3 pathway was also inhibited by MC,
activation, providing an interesting mecha-
nistic link to the study by Wei et al.’. In mice
with K/BxN serum transfer-induced arthri-
tis, administration of a selective MC, agonist
provoked fibroblast senescence in the pannus,
which was functionally associated with an
anti-arthritic effect’. Interestingly, cells with
specific MC, receptor polymorphisms did not
respond well to a pro-senescence treatment
in vitro, indicating that pharmacogenomic
analyses are required for the development of
selective MC, agonists as novel anti-arthritic

compounds. Potentially, such molecules
would combine the known anti-inflammatory
effects of melanocortins on immune cells"
with the novel property of reverting the
aggressive phenotype of synovial fibroblasts.

In summary, we are close to establishing
whether our knowledge of mediators and
mechanisms of the resolution of inflamma-
tion can affect the way RA is managed, both
in terms of stratifying patients into clinically
relevant subgroups and prediction of remis-
sion, and with respect to the development of
innovative therapeutic strategies. The near
future will provide the definitive answer on
the validity of this approach.
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W) Check for updates

MIS-C: early lessons from
immune profiling

Lauren A. Henderson and Rae S. M. Yeung

Multisystem inflammatory syndrome in children (MIS-C) is a rare
complication of SARS-CoV-2 infection that can result in serious illness in
the paediatric population but our understanding of this syndrome is in its
infancy. Translational studies in 2020 leveraging immune profiling have laid
the foundation to enable further discovery in MIS-C.

In the early stages of the COVID-19 pan-
demic, healthy children were thought to have
mild SARS-CoV-2 infections with favour-
able outcomes. In April 2020, reports began
to emerge from COVID-19 epicenters describ-
ing clusters of children with features of Kawa-
saki disease and toxic shock syndrome'”. This
newly identified entity has many names and
ultimately became known as multisystem
inflammatory syndrome in children (MIS-C),
as used by the WHO and CDC. As addi-
tional reports of MIS-C have surfaced, the
clinical spectrum of this syndrome has
broadened’, and studies have begun to unveil
its immune landscape, which could help in
our understanding of this condition®~"°.

Emerging data show that MIS-C is char-
acterized by the classic findings of inflam-
mation, with fever as the cardinal feature,
and multi-organ dysfunction that not only
involves the skin, mucous membranes and
heart but that also frequently affects the
gastrointestinal, respiratory and neurologic
systems (FIG. 1). However, the full clinical
continuum of MIS-C is still being defined,
and validated diagnostic criteria do not yet
exist. As a result, researchers have employed
varying case definitions of MIS-C so that
patient populations are not necessarily com-
parable across studies’. This selection bias is
important to consider because it affects our
understanding of MIS-C.

MIS-C is temporally linked to SARS-CoV-2,
and occurs as a late manifestation of or res-
ponse to the infection, with cases peaking
3-6 weeks after the highest rate of SARS-
CoV-2 infection (as measured by PCR pos-
itivity) in a given location®!. The majority
of patients had neutralizing antibodies to
SARS-CoV-2, with greater titres of IgG
antibodies than IgM antibodies, further indi-
cating a preceding SARS-CoV-2 infection™**".
Building on these findings, Diorio et al.* eval-
uated the clinical and laboratory features of

children with SARS-CoV-2 infections to clar-
ify the differences between the early infectious
phase of COVID-19 (severe COVID-19) and
MIS-C. Compared with severe COVID-19,
the PCR cycle thresholds for SARS-CoV-2
were higher for MIS-C, indicating a reduced
viral burden and supporting the concept
that MIS-C is a post-infectious process.
Furthermore, this report identified demo-
graphics that differed between these two
groups: patients with MIS-C were younger
and less medically complex than patients
with severe COVID-19. High levels of sol-
uble C5b-9 (the membrane attack complex
of the complement system) and evidence
of microangiopathy on blood smears also
suggested that endothelial dysfunction was
central in the pathophysiology of both severe
COVID-19 and MIS-C.

In a similar approach, Lee and col-
leagues evaluated the immunologic profile of
MIS-C and identified the presence of T cell,
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Macrophage activation syndrome

Cardiac dysfunction and
coronary artery aneurysms

Gastrointestinal manifestations —lﬁ

Innate response profile

e Elevated pro-inflammatory cytokines
* Neutrophil activation

* FcyRI-expressing monocytes

B cell and natural killer cell cytopenias’. By
comparing MIS-C to historic cohorts of
Kawasaki disease (pre-pandemic Kawasaki
disease), Lee et al. identified similarities
and differences between these two child-
hood hyperinflammatory syndromes. Many
patients with MIS-C had features of Kawasaki
disease. However, the patients with MIS-C
presented over a broader age range, had a
greater degree of myocardial dysfunction, had
more profound lymphopenia and thrombocy-
topenia, and more often showed signs of coag-
ulopathy than the patients with pre-pandemic
Kawasaki disease>”"". Whether MIS-C is dis-
tinct from Kawasaki disease or whether these
two entities represent a continuum of the
same clinical syndrome remains to be deter-
mined. Both reports by Diorio et al. and Lee
et al. provide potentially useful diagnostic
profiles of MIS-C; however, the results were
derived from a small number of patients, and
their generalizability awaits validation.

To gain further understanding of MIS-C,
deeper immunophenotyping is required.
Carter et al.® undertook this approach by
studying 25 patients with MIS-C from the
acute phase of illness through to convales-
cence using high dimensional cytokine and
flow cytometry panels. At disease onset,
treatment-naive patients with MIS-C had high
serum levels of multiple cytokines, and the
acute phase was associated with activated
neutrophils and monocytes that expressed
high levels of FcyRI. Circulating levels of
CD4*, CD8* and 8T cells were decreased
early in the course of MIS-C compared with
age-matched healthy individuals, with the
exception of CD4*CCR7* T cells. Although
patients with MIS-C are able to generate
neutralizing antibodies to SARS-CoV-2, the
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Vasculitis and endothelial
dysfunction
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Kawasaki disease stigmata
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Fig. 1| Emerging clinical and immunological features of MIS-C. Multiple organs are affected
in multisystem inflammatory syndrome in children (MIS-C). Most patients have evidence of prior
SARS-CoV-2 exposure, and Kawasaki disease features and cardiac dysfunction are common.
The immune response in MIS-C is distinct from that during the acute SARS-CoV-2 infection, and
is associated with elevated pro-inflammatory cytokines, activated neutrophils and monocytes,
cytopenias (thrombopenia and lymphopenia) and appropriate anti-viral antibody responses

detected to SARS-CoV-2.
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® The immune response in multisystem
inflammatory syndrome in children (MIS-C)
seems to be distinct from that during acute
SARS-CoV-2 infection®, but has both shared
and distinct features compared with
Kawasaki disease’".

The immune landscape shifts during the
course of MIS-C, with the acute phase being
characterized by activated innate immune
cells and T cell and B cell lymphopenia,
which normalize during recovery, and
appropriate anti-viral antibody responses
detected to SARS-CoV-2 (REF.%).

MIS-C and Kawasaki disease might share
plasma protein profiles but differ in
autoantibody targets®'’; whether they are
distinct or represent a continuum of the
same clinical syndrome remains to be
determined.

patients had lower levels of total B cells, effec-
tor B cells and class switched memory B cells
in the blood than healthy individuals. After
resolution of MIS-C, these observed innate
and adaptive immune system changes nor-
malized, and the frequency of plasmablasts
and regulatory T cells increased. This work
by Carter and colleagues identified a shifting
immune landscape over the course of illness
in MIS-C and highlighted several immune cell
populations that might be important in either
promoting disease or mediating recovery
in MIS-C.

Multi-dimensional immune profiling
was also employed in two other important
publications from 2020 — Gruber et al.’,
and Consiglio et al.'"" — that evaluated
immune responses in MIS-C compared with
pre-pandemic Kawasaki disease and/or acute
COVID-19. In principal component analysis
(PCA) of circulating immune proteins, patients
with MIS-C clustered separately from adults
and children with acute COVID-19 (REFS>'9).
Mass cytometry data from Gruber et al.
showed a trend towards increased frequencies
of circulating memory T cells in patients with
acute COVID-19 compared with in patients
with MIS-C, although most patients with
MIS-C in this study were already being treated
with immunomodulatory medications’.

Comparisons of MIS-C with Kawasaki dis-
ease by Consiglio and colleagues yielded less
conclusive findings. Patients with Kawasaki
disease and patients with MIS-C clustered
together in a PCA analysis of plasma proteins'.
However, evaluation of immune cells by flow
cytometry in MIS-C versus Kawasaki disease
was limited owing to the small numbers of
patients in the MIS-C group (n=3).

Importantly, the work by Gruber et al.’
and Consiglio et al.'’’ has furthered our
understanding of the humoral response in
MIS-C. Both studies confirmed that patients
with MIS-C generate appropriate antibody
responses to SARS-CoV-2, as well as to other
viruses. Compared with healthy individu-
als, patients with MIS-C had enrichment of
both IgG and IgA autoantibodies directed
towards peptides expressed in the endothe-
lial, cardiac and gastrointestinal tissue as well
as autoantibodies directed toward immune
mediators’. Autoantibodies from both patients
with Kawasaki disease and patients with
MIS-C shared some targets, including proteins
expressed by endothelial cells, whereas some
autoantibodies were upregulated only in MIS-C
or Kawasaki disease. Although these results are
intriguing, the sample sizes were small, and it
remains to be determined if these autoantibod-
ies are primary mediators of disease in MIS-C
or are generated secondarily as a result of tissue
damage in the setting of infection.

Since MIS-C materialized as a complica-
tion of SARS-CoV-2 infections in children
in early 2020, great strides have been made in
characterizing the clinical presentation and
immunophenotype of this syndrome, point-
ing to both innate and adaptive immunity
together with vascular inflammation and
endothelial dysfunction as important con-
tributors to pathobiology. Yet, these studies
represent only a beginning in our endeavour
to understand MIS-C. To gain ground in this
journey, future work will need to interrogate
larger numbers of treatment-naive patients
with MIS-C, along with appropriate febrile
controls. To date, studies have focused on
circulating immune perturbations; how-
ever, some cell populations of interest might
have extravasated into affected tissues.
Furthermore, the genetic susceptibilities that

predispose patients to MIS-C are unknown,
and the relationship between Kawasaki dis-
ease and MIS-C remains unresolved. The pre-
liminary data generated by these translational
research studies highlight the need for data
sharing and cross-validation to bring disease
understanding to a new level. Harmonizing
case definitions and international collabora-
tions will help accelerate the pace of advance-
ment in MIS-C and make real change possible
in the care and outcomes of this emerging
condition.
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M) Check for updates

Z4d PSORIATIC ARTHRITIS IN 2020

New treatments for PsA meet
targeted therapy goals

Philip J. Mease

Interest in therapies for psoriatic arthritis (PsA) has increased in response to
recognition that many patients remain undiagnosed and are inadequately
treated. In 2020, advances in PsA treatments have included phase Ill trials
of anIL-23 inhibitor, head-to-head trials of IL-17 inhibition against TNF
inhibition and updated EULAR treatment guidelines.

Interest in therapies for psoriatic arthritis (PsA)
has expanded as more patients who were
previously undiagnosed or misdiagnosed are
recognized to have this condition, and switch-
ing between medications is becoming more
commonplace in PsA as drugs lose efficacy
over time. As such, there is an ongoing need
for more effective and relatively safe medica-
tions to achieve treatment targets for PsA'. In
2020, several advances were made towards this
goal, including publication of updated EULAR
treatment guidelines for PsA’, approval of a
treatment with a new mechanism of action®
and confirmation of the value of IL-17 inhibi-
tion in the PsA therapeutic armamentarium in
head-to-head comparison trials™*.

PsA is a complex disease characterized by
multiple ‘domains’ of disease activity, includ-
ing arthritis, enthesitis, dactylitis, spondylitis,
and skin and nail disease'. Disease in these
domains impairs function and quality of life
and causes tissue damage. Treatment should
therefore be tailored to address each of these
domains. Associated conditions and comor-
bidities can also influence therapy choice.
Reflecting these considerations, in 2020,
EULAR updated their recommendations for
the management of PsA? from those published
in 2015. Overarching principles were reiterated
and included the importance of using a multi-
disciplinary approach that includes dermatol-
ogists; shared decision-making; the abrogation
of inflammation to control symptoms, improve
function and quality of life and prevent struc-
tural damage; and accounting for associated
conditions and comorbidities. Treatment
recommendations were updated to include
recently approved medicines, such as Janus
kinase inhibitors, and the contexts for their
use in different disease domains (BOX 1). The
new recommendations” have moved non-TNF
inhibitor medication classes, such as the IL-17
and IL-12-IL-23 inhibitors, to an equal foot-
ing in the treatment of polyarthritis, particu-
larly in patients with more skin disease. More

consideration has also been given to non-
articular domains of PsA, including enthesitis
and axial disease, for which conventional syn-
thetic DMARDs (csDMARDs) might not be
efficacious, and biologic DMARDs should
be used as first-line treatments.

IL-23 is an important cytokine in the patho-
genesis of psoriasis, PsA and other related
conditions. IL-23 is produced by dendritic
cells and other immune cells and stimulates
innate and adaptive immune cells to produce
pro-inflammatory cytokines, which activate
cells at tissue sites such as skin, synovium,
entheses and bone, leading to inflammatory
tissue destruction and bone remodeling’.
In 2020, guselkumab, which inhibits the p19
subunit of IL-23, became the first of a new
class of medications to be approved for the
treatment of PsA. The approval was based on
the results of two placebo-controlled phase III
trials>*: DISCOVER-1 and DISCOVER-2.
Guselkumab had previously been approved
for the treatment of psoriasis on the basis of
a series of studies that demonstrated high
degrees of efficacy and minimal safety signals®.

DISCOVER-1 enrolled individuals with
an inadequate response to or intolerance of
c¢sDMARDs, 30% of whom also had pre-
viously used at least one TNF inhibitor®.
DISCOVER-2 enrolled individuals with
an inadequate response to or intolerance of
c¢sDMARDs who had not been exposed to
biologic DMARDs*. The dosing regimens
for both studies were 100 mg guselkumab
delivered subcutaneously every 8 weeks or
every 4 weeks. In both studies, the primary
outcome of an ACR20 response at week 24
was met, as were other important outcomes,
including ACR50 and ACR?70 responses, reso-
lution of enthesitis and dactylitis, Minimal
Disease Activity (MDA) targets and improve-
ments in function, quality of life, fatigue and
psoriasis. Inhibition of radiographic pro-
gression was statistically separated from
placebo in those receiving guselkumab every

4 weeks in DISCOVER-2 (P=0.001) but not
in those receiving guselkumab every 8 weeks
(P=0.07), which is the currently approved
dosing regimen®. The safety and tolerability
profile of guselkumab in both studies was
favourable, and there is no requirement for
laboratory monitoring. Overall, it is valu-
able to add a new medication and class of
therapy that has considerable efficacy and an
excellent safety profile to the PsA therapeutic
armamentarium.

In 2019, the 24-week results of a head-
to-head trial of an IL-17 inhibitor (ixekizumab)
against a TNF inhibitor (adalimumab) in PsA
(SPIRIT H2H) were published’. These were
followed in 2020 by the publication of a head-
to-head trial comparing the IL-17 inhibitor
secukinumab against adalimumab (EXCEED)®
and the 52-week results of SPIRIT H2H®.
In the double-blind EXCEED trial, 853 patients
with PsA were enrolled and received either
secukinumab or adalimumab; concomitant
use of a csDMARD was not allowed®. The
primary end point was an ACR20 response
at 52 weeks, which was achieved by 67%
of secukinumab-treated patients and 62% of
adalimumab-treated patients (unadjusted
P=0.0719); thus, EXCEED failed to establish
the superiority of secukinumab, which was the
a priori goal of the study. Major non-articular
domains improved, and an optimal target of
treatment (MDA) was similarly achieved by
both medications. More individuals achieved a
90% reduction in the Psoriasis Area and Severity
Index (PASI) when receiving secukinumab than
adalimumab, similar to the effect size in the
SPIRIT H2H trial and confirming superiority
of the IL-17 inhibition mechanism in psoriasis.
In addition, the combined end point of simul-
taneous achievement of an ACR50 response
and a 100% reduction in the PASI (PASI100)
was achieved by 31% of those receiving secuki-
numab and 19% those receiving adalimumab
(unadjusted P=0.0087)’, again similar to the
effect size seen in the SPIRIT H2H trial.

Key advances

* Updated EULAR treatment recommendations
for psoriatic arthritis (PsA) include newly
approved medications, recognize the need
for treatment tailored to the individual and
encourage targets of remission or low disease
activity’.

* Guselkumab, the first of a new class of drugs
that inhibit the p19 subunit of IL-23, was
approved for PsA on the basis of results from
two phase lll clinical trials®*.

* Head-to-head trials of IL-17 inhibition
against TNF inhibition confirmed similar
efficacy of both therapies in musculoskeletal
domains of PsA and superior efficacy of IL-17
inhibition in the psoriasis domain®®.
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SPIRIT H2H demonstrated proportionally
similar responses to EXCEED in musculo-
skeletal and skin outcomes (non-inferior in
the former and superior in the latter) but
met its primary end point of ACR50 and
PASI100 responses at 24 weeks and demon-
strated superiority of ixekizumab over adali-
mumab, as well as the secondary end points
of non-inferiority in ACR50 response and
superiority in PASI100 response®’. Also
different from EXCEED, SPIRIT H2H was
an open-label, assessor-blinded study, which
allowed flexibility in dosing depending on
the degree of skin involvement each par-
ticipant had. Furthermore, participants in
SPIRIT H2H did not have to stop background
csDMARDs, a flexibility that more closely
mirrors clinical practice. A subanalysis of
SPIRIT H2H looking at efficacy in the pres-
ence or absence of background methotrexate
showed that for those receiving ixekizumab,
results were similar regardless of whether
methotrexate was being used, whereas for
those receiving adalimumab, a lower per-
centage of patients not taking methotrexate
achieved several end points, including the pri-
mary end point®. These findings have practi-
cal implications for the use of these agents as

monotherapies, which some patients prefer
so as to avoid adverse effects associated with
methotrexate.

Although the EXCEED trial® failed to meet
its primary end point whereas SPIRIT H2H*’
succeeded, in truth, this difference seems
to be largely related to the choice and tim-
ing of the primary end point. When looking
at the proportional outcomes of individual
measures, and taking into account that
one trial was double-blinded and the other
open-label, the results are similar and provide
a similar lesson. These trials>®’ reveal that, in
terms of speed of onset of action and magni-
tude of effect in musculoskeletal domains,
IL-17 inhibitors are at least as effective as
TNF inhibitors, which have been the mainstay
of PsA treatment since the early 2000s, and
that the effect of IL-17 inhibition on psoriasis
and psoriatic nail disease is superior to TNF
inhibitors. Although each medication class
has its own specific safety issues, it seems that
IL-17 inhibitors might also have a slightly
better safety profile than TNF inhibitors’.
Overall, we should now have confidence that
IL-17 inhibitors can work as well as TNF
inhibitors for most domains of PsA, and are
actually better for some domains.

Box 1 | Updated EULAR treatment recommendations for psoriatic arthritis?

 Aim for remission or low disease activity, with regular assessment and therapy adjustment.

* NSAIDs can be used for musculoskeletal signs and symptoms.

¢ Consider local glucocorticoid injections as adjunct therapy and systemic glucocorticoids at

the lowest effective dose.

e For polyarthritis, start conventional synthetic DMARDs (csDMARDs) rapidly; methotrexate
is preferable depending on relevant skin involvement.

* For monoarthritis or oligoarthritis (particularly with poor prognostic factors such as structural
damage, high erythrocyte sedimentation rate or C-reactive protein levels, dactylitis or nail

involvement) consider a csDMARD.

* For peripheral arthritis in patients with an inadequate response to at least one csDMARD, start
a biologic DMARD (bDMARD); an IL-17 inhibitor or IL-12—|L-23 inhibitor might be preferable

depending on relevant skin involvement.

¢ For peripheral arthritis in patients with an inadequate response to csDMARDs and bDMARDs,
or if bDMARD:s are inappropriate, consider a Janus kinase (JAK) inhibitor.

* For mild disease in patients with an inadequate response to csDMARDs and for whom neither
bDMARDs nor JAK inhibitors are appropriate, consider a phosphodiesterase 4 inhibitor.

* For unequivocal enthesitis in patients with an insufficient response to NSAIDs or local

glucocorticoid injections, consider a bDMARD.

* For active, predominantly axial disease in patients with an insufficient response to NSAIDs,
consider a bDMARD (typically a TNF inhibitor); an IL-17 inhibitor might be preferable depending

on relevant skin involvement.

* For patients who fail to respond to or have intolerance to a bDMARD, consider switching
to another bDMARD or a targeted synthetic DMARD, including one switch within a class.

* For patients who achieve sustained remission, consider cautious tapering of DMARDs.

To sum up, 2020 saw the publication of
articles that updated the EULAR treatment
recommendations for PsA?, described the
efficacy and safety of guselkumab®, the first
of a new class of medications for PsA, and fur-
ther established the efficacy of IL-17 inhibi-
tors in two head-to-head studies against
adalimumab’. These studies advance the
use of newer medications that address all,
or virtually all, of the clinical domains of PsA,
achieve sustainable treatment targets such as
remission or low disease activity, and provide
new treatment options for PsA.
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W) Check for updates

New insights into the
treatment of CTD-ILD

Athol U. Wells

Interstitial lung disease (ILD) can arise in a variety of connective tissue
diseases (CTDs) and various treatment interventions are being explored.

In 2020, advances in the treatment of CTD-associated ILD have included the
re-evaluation of methotrexate-induced lung injury and emerging insights on
anti-IL-6 therapy and anti-fibrotic therapy in this condition.

Interstitial lung disease (ILD) is a serious pul-
monary complication of various connective
tissue diseases (CTDs), including rheumatoid
arthritis (RA) and systemic sclerosis (SSc),
and is a major cause of morbidity and mor-
tality. The past 12 months have seen major
advances in our understanding of the treat-
ment of connective tissue disease-associated
ILD (CTD-ILD), including the reappraisal of
methotrexate-induced lung toxicity and the
emergence of novel therapies in this field'~.

The use of methotrexate in patients with
RA-associated ILD (RA-ILD) has long been
contentious. In its classical presentation,
‘methotrexate lung’ is an inflammatory pneu-
monitis. However, the concern that metho-
trexate might induce pulmonary fibrosis has
led to the avoidance or discontinuation of
methotrexate in patients with RA-ILD. The
prevalence of methotrexate lung might have
been greatly exaggerated by the perception
that previously undiagnosed RA-ILD was
due to methotrexate use. This assumption
was challenged in 2017 by retrospective data
suggesting that RA-ILD progression is slower
with methotrexate therapy than with other
agents®, but the conclusions at the time were
limited by the cohort size and the absence of
a validation cohort.

In 2020, Juge and colleagues', together
with other studies published in 2020 (REFS*),
have re-evaluated the link between metho-
trexate use and RA-ILD (TABLE 1). In the study
by Juge et al.', the populations comprised a
French discovery cohort (patients with RA-ILD,
n=100; patients with RA but without ILD,
n=165) and a large multi-ethnic five-country
validation cohort (RA-ILD, n=310; patients
with RA but without ILD, n=508). In the
combined cohort, the prevalence of usual
interstitial pneumonia (UIP) or possible UIP
(as assessed by CT) in patients with RA-ILD
was 45.1%. In both cohorts, past methotrexate
usage was strongly associated with a lower

prevalence of RA-ILD, including after adjust-
ments for age at RA onset, gender, ever-
smoking, the duration of methotrexate expo-
sure, the use of methotrexate at RA onset and
the use of biologic agents. Methotrexate use
was also associated with a longer time-interval
to RA-ILD diagnosis (with a difference of
7.4 years in the combined cohort analysis).
Importantly, historical differences in metho-
trexate usage in RA, classified by usual prac-
tice in defined time-periods, did not influence
the findings.

These striking observations are consistent
with less definitive studies, also published
in 2020. Methotrexate usage in RA was not
associated with the development or progres-
sion of lung disease in a small prospective
cohort’, and in retrospective analyses of two
large databases®’. Taken together, these data
establish that chronic fibrotic lung disease is
not an adverse effect of methotrexate therapy.
Thus, historical estimates of the high preva-
lence of ‘methotrexate lung’ are exaggerated.
Indeed, the delayed presentation of RA-ILD
with methotrexate usage' suggests that meth-
otrexate might eventually become a preferred
treatment option in RA-ILD. However, such

a change in practice requires future prospec-
tive evaluation and should not be based on
a retrospective association without proof of
causation.

In terms of treatment interventions in CTD-
ILD, it remains unclear whether future treat-
ments will be based on targeting single path-
ways in individual diseases (and perhaps
in individual patients) or on a pleotropic
approach that addresses a multiplicity of
co-activated pro-fibrotic pathways common
to many progressive fibrosing pulmonary
disorders. Two notable studies from 2020
investigating the treatment of CTD-ILD stand
at opposite ends of this spectrum: an analy-
sis of data from the INBUILD trial® and the
focuSSed trial’.

The INBUILD study was a double-blind
randomized placebo-controlled trial of
nintedanib, a pleiotropic anti-fibrotic agent,
in the treatment of progressive fibrosing
ILDs other than idiopathic pulmonary fibro-
sis (IPF), and included a large subgroup of
patients with CTD-ILD®. Trial enrolment
required disease progression within the
preceding 2 years despite management.
The hypothesis was that in non-IPF disor-
ders, patients with signs of IPF-like progres-
sion, despite real-world management, might
have pro-fibrotic disease pathways similar to
those in IPE. Nintedanib was strikingly effi-
cacious, as judged by attenuation of forced
vital capacity (FVC) decline in the whole
study population, as well as across the two
subgroups of those with UIP-like (and, thus,
IPF-like) abnormalities (the majority of the
participants), and those with non-UIP-like
abnormalities on CT.

The aim of the 2020 study was to evaluate
whether the whole-cohort treatment effects
in the INBUILD study were common to the
individual diseases grouped in the primary
analysis”. The cohort was subdivided into
five diagnostic subgroups (including a
CTD-ILD subgroup, amalgamating RA-ILD,

Table 1| Studies in 2020 on methotrexate use and ILD presence and progression

Primary findings

Methorexate use was associated
with a reduced prevalence and
delayed onset of RA-ILD

Methotrexate use was not
associated with the onset or
progression of ILD

Methotrexate use was not
associated with an increased
risk of ILD

Study Study design Patients
(patient number)
Jugeetal'!  Retrospective: Patients with RA-ILD
case-controlwith  (n=410) or with RA without
validation cohort  ILD (n=673)
Robles- Prospective Patients with RA (n=40)
Pérezetal> cohort
Ibfeltetal.® Retrospective Patients with RA
cohort (Danish (n=30,512)
national registry)
Lietal’ Retrospective Patients with RA without

cohort

ILD, interstitial lung disease; RA, rheumatoid arthritis.

ILD at diagnosis (n=923)

Methotrexate use was not
associated with the onset or
progression of ILD
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Key advances

* Methotrexate use is probably not a notable
cause of chronic fibrotic lung disease in
rheumatoid arthritis (RA), and this drug
might even delay the presentation of
interstitial lung disease (ILD)".

* The efficacy of the anti-fibrotic agent
nintedanib in the treatment of progressive
fibrosing ILDs extends to the treatment
of progressive connective tissue
disease-associated ILD’.

* Anti-IL-6 therapy is emerging as a potential
new treatment option for systemic
sclerosis-associated ILD?.

SSc-ILD and ILD associated with other CTDs,
amounting to 25.6% of the total INBUILD
cohort). Multivariable analyses found no
differences in treatment effects in any sin-
gle diagnostic category in the whole cohort
(diagnostic interactive P value=0.41) and in
subgroups with UIP-like and non-UIP-like
abnormalities on CT.

Care is needed in interpreting these findings.
Apparent minor differences in treatment effects
between underpowered diagnostic subgroups
are not meaningful, with inevitable and vari-
able deviations from the overall cohort effect
occurring because of chance. Furthermore,
the exact amplitude of treatment effects in
individual subgroups cannot be distilled from
the analysis, given the wide confidence inter-
vals associated with underpowered analysis.
It can only be concluded that nintedanib will
probably have an important future role in the
management of patients with non-IPF ILD
progression despite usual first-line therapies
and that this group specifically includes patients
with progressive CTD-ILD.

This important observation identifies a
major new treatment opportunity in CTD-ILD,
but clinical uncertainties must be acknowl-
edged. The CTD-ILD subgroup was an amal-
gamation of individual CTDs, with RA-ILD
predominating. Importantly though, the
efficacy of nintedanib has also been shown
in a stand-alone placebo-controlled study in
SSc-associated ILD (SSc-ILD)’. Exact man-
agement prior to trial enrolment was not,
and could not have been, standardized,
because of treatment variations driven by
variable systemic disease activity and treat-
ment adverse effects in individual patients.
Furthermore, the study does not establish the

optimal timing of anti-fibrotic usage: specifi-
cally, the use of anti-fibrotic therapy as an ini-
tial treatment, possibly in combination with
immunomodulation, in patients presenting
with advanced fibrotic disease, has not been
explored.

The dilemmas facing clinicians in the
selection of therapies in CTD-ILD can only
increase as novel agents are studied. With
regard to SSc-ILD, the focuSSced study is
a randomized controlled phase III trial of
tocilizumab, an IL-6 receptor antagonist, in
the treatment of patients with diffuse cutane-
ous SSc’. The results of this study are difficult
to interpret with regard to routine SSc-ILD
management for two reasons: the primary
end point used and the study enrolment strat-
egy. Active treatment was associated with
attenuation of decline in FVC (as assessed
by change in percentage of predicted FVC at
48 weeks); however, although FVC change
was an important secondary end point, the
primary end point (change in the modified
Rodnan skin score at 48 weeks) was not met.
Normally, a positive secondary end point,
unsupported by the primary end point, would
be viewed with scepticism. However, an earlier
controlled phase II trial of tocilizumab in SSc
observed exactly the same pattern of end point
responsiveness: a change in the modified
Rodnan skin score (the primary end point) was
not observed but active treatment was asso-
ciated in a reduction in the frequency of pul-
monary function decline'. Sadly, these earlier
observations did not inform the selection of
the primary end point in the current study
but the consistency of the FVC observations
between the two studies is important.

Furthermore, defining the future role of
tocilizumab in the treatment of SSc-ILD is
complicated by the fact that the study did
not selectively enrol patients with SSc-ILD,
although the treatment effect was robust in
the SSc-ILD subgroup. Mean pulmonary
function tests at baseline were normal or only
mildly reduced and, thus, the treatment group
included a notable proportion of patients
without clinically overt ILD. It is perhaps sur-
prising, given this constraint, that a clear-cut
overall FVC treatment effect was observed.
Given the mildness of disease in the study
population, it could be argued that a putative
treatment benefit applies to limited SSc-ILD,
perhaps when pro-inflammatory pathways
are more prominent.

In summary, 2020 has seen advances
highly relevant to future management algo-
rithms in CTD-ILD. The new findings chal-
lenge the idea that methotrexate results in
progressive ILD in RA and suggest that this
drug might even have a future role in RA-ILD
management, although this role remains to
be established. Anti-IL-6 therapy can now be
viewed as a treatment option in SSc-ILD,
despite the limitations of the current stud-
ies; furthermore, the idea that this therapy
might be more potent in the early stages of
disease merits exploration. Anti-fibrotic ther-
apies will probably have an important place
in the management of CTD-ILD in future,
but the optimal timing for their introduc-
tion and their use in combination with other
treatments is, as yet, uncertain.
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Phage display

A technique whereby an
antibody-variable sequence is
displayed on the outside of a
bacteriophage that contains
the DNA encoding the
variable sequence, enabling
the screening and selection of
bacteriophages containing the
genetic sequence of interest.
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M) Check for updates

Immunogenicity of biologic agents

In rheumatology

Vibeke Strand

%" Joao Goncalves? and John D. Isaacs®*

Abstract | Biologic agents have become a core component of therapeutic strategies for many
inflammatory rheumatic diseases. However, perhaps reflecting the specificity and generally
high affinity of biologic agents, these therapeutics have been used by rheumatologists with

less consideration of their pharmacokinetics than that of conventional synthetic DMARDs.
Immunogenicity was recognized as a potential limitation to the use of biologic agents at an
early stage in their development, although regulatory guidance was relatively limited and
assays to measure immunogenicity were less sophisticated than today. The advent of biosimilars
has sparked a renewed interest in immunogenicity that has resulted in the development of
increasingly sensitive assays, an enhanced appreciation of the pharmacokinetic consequences

of immunogenicity and the development of comprehensive and specific guidance from regulatory
authorities. As a result, rheumatologists have a greatly improved understanding of the field in
general, including the factors responsible for immunogenicity, its potential clinical consequences
and the implications for everyday treatment. In some specialties, immunogenicity testing is
becoming a part of routine clinical management, but definitive evidence of its cost-effectiveness

in rheumatology is awaited.

Biologic agents now form part of the therapeutic
armamentarium for most inflammatory rheumatic
diseases. Since their early development, an emerging
feature of biologic agents has been their propensity
to provoke an immune response against themselves
(known as immunogenicity), most notably, the gener-
ation of anti-drug antibodies (ADAs), which can have
clinical consequences; for example, in the early 1990s,
researchers noted that repeat courses of OKT3 (a mouse
monoclonal antibody that recognizes CD3) had limited
clinical efficacy because the mouse antibodies were
highly immunogenic in humans. The humanization of
monoclonal antibodies (and the subsequent develop-
ment of ‘fully human’ monoclonal antibodies produced
in transgenic mice carrying human immunoglobulin
genes, or by phage display or single-cell cloning) have
subsequently reduced the immunogenicity of biologic
agents'. In parallel with the development of biosimilar
biologic agents™*, ways of measuring immunogenicity
have become more sophisticated and assays more sen-
sitive over the past 10-15 years"’, which has led to a
better understanding of immunogenicity and its con-
sequences and a deeper knowledge of the pharmaco-
kinetics of biologic agents®’. Hence, many of the factors
that provoke immunogenicity and the formation of
ADAs are now well understood, although others still
remain unclear.

The consequences of immunogenicity can vary and
are influenced by the nature of the ADAs (for exam-
ple, the antibody isotype) and the consequent immune
complexes that form with the biologic agent. Although
current strategies for designing monoclonal antibodies
are aimed at minimizing immunogenicity via progres-
sive humanization and innovative quality-by-design
risk-minimization manufacturing methods, it still
cannot be abolished completely. Thus, researchers
have developed strategies to predict and lessen ADA
formation. Another development has been the publi-
cation of algorithms for monitoring serum drug con-
centrations and ADAs in clinical practice, although the
cost-effectiveness of such testing in rheumatology has
not been robustly demonstrated.

In view of the growth in knowledge in the field that
has occurred over the past few years, it is timely to com-
prehensively review the available data. In this Review,
we summarize what is known about biologic agent phar-
macokinetics and the factors that influence immuno-
genicity, including knowledge gleaned from agents used
for non-rheumatic indications. We discuss the poten-
tial consequences of immunogenicity and the methods
available for measuring ADAs and serum drug concen-
trations. We also summarize data related to the biologic
agents that have been licensed for rheumatic indications,
including data from studies on treatment switching,
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Key points

¢ All biologic agents are immunogenic and many pathways influence their
bioavailability, including patient-specific factors, disease-specific features and

genetic background.

* The potential consequences of immunogenicity range from no clinical consequences
to reduced therapeutic efficacy, infusion reactions and, rarely, serum sickness or

anaphylaxis.

* Group level pharmacokinetic models have consistently shown that anti-drug
antibodies (ADAs) result in decreased serum drug concentrations and reduced

efficacy.

* The most important difference between available immunogenicity assays is the
degree to which the assay is drug tolerant.

* Coadministration of anti-proliferative and/or immunosuppressive agents such as
methotrexate decreases ADA formation and maintains serum drug concentrations

via various mechanisms.

* Regular monitoring of serum drug and ADA levels has been proposed but
not yet instigated into rheumatological practice, mainly owing to a lack of

cost-effectiveness data.

Single-cell cloning

A technique whereby the
antibody-encoding genetic
material is extracted from
a human B cell clone that
produces the antibody

of interest.

Idiotype

The collection of sequences
(idiotopes) that form the
antigen-binding site of

an antibody.

Humanized antibodies
Antibodies in which the
complementarity determining
regions of a human antibody
have been replaced with those
from a mouse antibody of
interest to create an antibody
with the specificity of the
mouse antibody in the context
of a mostly human sequence.

Chimeric antibodies
Antibodies in which the
variable region of a mouse
antibody of interest has been
genetically fused with a human
constant region to create an
antibody that retains the
specificity of the mouse
antibody in the context of

a human constant region.

Fully human antibodies
Antibodies that contain

only sequences derived from
human genes.

and discuss implications for clinical practice, including
the pros and cons of therapeutic drug monitoring.

Pharmacokinetics and immunogenicity
All biologic agents are immunogenic and many path-
ways influence their bioavailability, immunogenicity
being just one of them (FIG. 1). The pharmacokinetics
of monoclonal antibodies are influenced by proteo-
lytic catabolism, target-binding capability and specific
receptor-determined clearance mechanisms, including
Fcy receptor-mediated immunoglobulin clearance. IgG
antibodies, including monoclonal antibody-based bio-
logic agents, are recycled and salvaged by the neonatal
Fc receptor (FcRn; also known as Brambell receptor) on
vascular endothelial and reticuloendothelial system cells
(such as monocytes, macrophages and dendritic cells)®.
The structure of the monoclonal antibody itself, including
its amino acid sequence, allotype, route of administration,
dosing regimen and duration of treatment, can also influ-
ence both the pharmacokinetics and immunogenicity*’.
Another important immunogenic factor is the presence
of aggregates in the therapeutic protein preparations,
although modern production processes are designed to
eliminate this source of immunogenicity''.
Patient-specific factors such as a low serum albumin
concentration, high BMI and/or drug target levels
can also affect the clearance of biologic drugs. Concom-
itant administration of immunosuppressive and anti-
proliferative agents such as methotrexate, azathioprine,
mycophenolate mofetil and leflunomide decrease ADA
formation* and might additionally raise biologic agent
concentrations in blood'"?. Disease-specific features also
affect immunogenicity. In general, lower amounts of
ADAs have been reported in patients with spondyloar-
thritis (SpA) than in those with rheumatoid arthritis
(RA) in longitudinal studies and randomized controlled
trials (RCTs), despite background anti-proliferative
agents being less commonly used in patients with
SpA""; furthermore, the incidence of ADAs is higher
in patients with more active disease. Studies have also
linked variability in HLA type, HLA alleles and ethnicity
to immunogenicity'®".

Interestingly, certain TNF inhibitors (such as inflix-
imab, adalimumab and etanercept) seem to stabilize
TNF trimers, resulting in up to 50-fold higher circulat-
ing concentrations of TNE, which plateau and stabilize
during a course of treatment'®”. Because TNF is in a
complex with its inhibitor, it is inactive, and these appar-
ently high concentrations do not reflect disease activity.
However, as early as 4 weeks into treatment, patients
who later develop ADAs have lower TNF concentrations
than those who do not, perhaps reflecting clearance of
TNF-TNF inhibitor complexes by low affinity ADAs".
Furthermore, even very low concentrations of a circu-
lating biologic agent (such as <0.1 pg/ml of adalimumab)
can quantitatively neutralize TNF, suggesting a pharma-
codynamic effect that might extend for many months
after treatment is discontinued'®.

Early work in mouse models identified the cell-
binding capacity of a monoclonal antibody therapy as a
predictor of immunogenicity”’; although it was possible
to induce tolerance to antibodies that recognize soluble
targets, it was difficult to tolerize to antibodies that bind to
cell surface antigens®'. The mechanisms linking the cell-
binding capacity of monoclonal antibodies to immuno-
genicity might reflect antibody-induced cell lysis and/or
enhanced presentation of immunogenic epitopes, par-
ticularly the antibody idiotype*>*. Although the mecha-
nism has not been defined, following cell lysis and uptake
by a phagocyte, the idiotype of the antibody might be pro-
tected from proteolysis by being bound to antigen, thereby
increasing the likelihood of the presentation of immuno-
genic epitopes derived from the idiotype. Allotypic differ-
ences in human IgG1 antibodies might also contribute to
or potentiate immunogenicity*, although data from T cell
assays and MHC-associated peptide proteomics assessing
the immunogenicity of tocilizumab suggest that allotypic
differences in human IgG1 are not a notable risk factor for
the induction of immunogenicity with this agent™.

In theory, humanized antibodies should be less immuno-
genic than chimeric antibodies owing to the presence of
less non-human protein sequences in the variable region
that might be recognized as foreign. Absolute evidence
to support this theory is lacking as no head-to-head
comparisons of an equivalent chimeric and human-
ized monoclonal antibody have been performed. The
best evidence comes from an indirect comparison of
chimeric and humanized anti-CD52 (Campath) mono-
clonal antibodies™: 15 out of 17 transplant recipients who
received Campath-1G (a chimeric rat monoclonal anti-
body) developed ADAs, whereas none of the 12 trans-
plant recipients who received Campath-1H (a humanized
monoclonal antibody) developed ADAs. Furthermore,
infliximab (the only chimeric monoclonal antibody
among the five available TNF inhibitors) is more immuno-
genic than any of the other four TNF inhibitors* (TABLE 1).
Indeed, an infusion reaction is more likely to occur with
infliximab than with golimumab (a humanized mono-
clonal antibody)”. However, whether a humanized
monoclonal antibody is more immunogenic than a fully
human monoclonal antibody is unknown. Even with
fully human antibodies, complementarity-determining
regions (CDRs; also referred to as hypervariable regions)
are still immunogenic, owing to the high variability of
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e Immune complex formation
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* Genetics (e.g. FcRn polymorphisms
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* Sequence (e.g. rodent versus human
sequences)

* Allotype

e Structure (e.g. glycosylation and other
post-translational modifications)

¢ Formulation

* Dose

* Route of administration

¢ Frequency of administration
* Aggregates and impurities

¢ Cell-bound or
soluble

. Dlsease type

¢ Disease activity

e Concomitant therapies
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Fig. 1| Factors that influence the pharmacokinetics and immunogenicity of biologic agents. Various factors can
influence the pharmacokinetics of a biologic agent, including factors relating to the drug itself (the type of biologic agent, the
size and structure, the isotype or the binding affinity for neonatal Fc receptor (FcRn)), the target antigen (whether the antigen

is cell-bound or soluble and its level of expression), the presence of proteases that can digest the drug, the development
of anti-drug antibodies (including the formation of immune complexes and accelerated clearance via Fcy receptor (FcyR)
binding) and patient-related factors (the disease being treated and disease activity, the weight of the patient, serum
albumin concentrations and genetic factors). A number of factors can also influence the immunogenicity of a biologic
agent, including factors relating to the drug itself (the primary sequence, the allotype and post-translational modifications
such as glycosylation), the target antigen (soluble or cell-bound), the final drug product (formulation, dosing regime and
route of administration or the presence of impurities or aggregates) and patient-related factors (the disease being treated
and disease activity, concomitant therapies such as methotrexate and genetic factors).

CDRs following recombination events and somatic
hypermutation occurring throughout life and a conse-
quent lack of central tolerance. Whether murine CDRs
are more immunogenic than human CDRs has not
been formally assessed in a head-to-head comparison
of a humanized and fully human monoclonal antibody.
However, fully human antibodies manufactured using
homologous recombination (such as golimumab, usteki-
numab, secukinumab and sarilumab) are associated with
lower incidences of ADAs than humanized antibodies
(TABLE 1). The debate around the immunogenicity of
chimeric, humanized and fully human antibodies has
continued for a long time; however, the data reviewed
in this article indicate that fully human antibodies are
potentially the least immunogenic, an opinion shared by
developers and regulatory agencies.

Cross-reactive
immunological material
An endogenous protein

in the recipient that is
immunologically similar

to the replacement therapy.

Pegylation and enzyme replacement

Information relevant to immunogenicity can be extrap-
olated from the experience of enzyme replacement
therapy for haemophilia A and haemophilia B, which

are caused by genetic deficiency of coagulation factors.
In factor VIII and IX replacement therapy for haemo-
philia, the amount of cross-reactive immunological material
produced by the patient determines the degree of immu-
nogenicity and the success of the treatment®. Most
patients with haemophilia A make some amount of
factor VIII, even if the protein is non-functional, and
anaphylaxis is rare, whereas the majority of patients with
haemophilia B have large deletions or a minor deletion
with a stop codon in the gene encoding this protein,
and anaphylaxis is common®. Similarly, the tolerability
of enzyme replacement therapy, in terms of the rate of
adverse reactions such as arthralgias, injection site reac-
tions and serum sickness, is associated with the amount
of endogenous protein present, whether mutated and/or
non-functional, rather than with its bioactivity”. Thus,
the treatment of Gaucher disease (which is caused by
a hereditary deficiency of the enzyme glucocerebro-
sidase) with recombinant glucocerebrosidases is fre-
quently successful, owing to residual endogenous
production of the enzyme. By contrast, in Pompe disease
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(which is caused by deficiency of the lysosomal enzyme
acid a-glucosidase), treatment with alglucosidase alfa
(an analogue of a-glucosidase) can be complicated by
nephrotic syndrome resulting from renal deposition
of antigen-ADA complexes®*'. In mouse models of
enzyme deficiencies, the use of anti-proliferative agents
has been most effective if they are administered along
with the first dose of enzyme replacement therapy™.
Pegvaliase, a pegylated derivative of the enzyme phe-
nylalanine ammonia lyase (which metabolizes phenylala-
nine), is approved for the treatment of phenylketonuria.
One analysis of the long-term safety of pegvaliase treat-
ment assessed the immunogenicity of pegvaliase dur-
ing induction, upward titration and maintenance dosing
regimens in 261 adults with phenylketonuria®. All
patients developed ADAs to the phenylalanine ammo-
nia lyase part of pegvaliase, the titres of which peaked
at 6 months and stabilized thereafter; most patients
also developed transient ADAs to the polyethylene gly-
col (PEG) component of pegvaliase, which peaked at
3 months and returned to baseline by 9 months. The
binding of ADAs to pegvaliase led to the formation of
circulating immune complexes, complement activation
and hypersensitivity reactions, which most frequently
occurred during early treatment and were associated
with injection site reactions and arthralgias or arthritis
but not with abnormalities in renal function or other

serious adverse events, and was consistent with circulat-
ing immune complex-mediated type IIT hypersensitiv-
ity reactions. As the pegvaliase dosage increased, blood
phenylalanine concentrations decreased over time, as
did the amount of circulating immune complexes and
complement activation. Overall, these data suggest that
patients can develop tolerance to the PEG component
of pegvaliase with continued regular administration,
although ADAs to phenylalanine ammonia lyase can
also persist.

Pegylation has also been utilized to prolong the
serum half-life of biologic products with applications in
rheumatology, including certolizumab pegol (a human-
ized F(ab’)’ fragment TNF inhibitor) and two pegylated
uricases (pegloticase and pegadricase) used to treat
patients with tophaceous gout. As uricase has not been
retained in humans owing to a missense and frameshift
mutation during evolution, it is very immunogenic with-
out retained cross-reactive immunological material; the
PEG conjugated to uricase is also immunogenic, perhaps
reflecting broad exposure to PEGs in food additives, skin
creams and personal lubricants.

In two phase III RCTs assessing the efficacy of intra-
venous administration of pegloticase for the treatment of
chronic gout, 42% of patients were identified as ‘complete
responders’ (maintaining serum uric acid concentra-
tions below 6 mg/dl for more than 80% of the time)

Table 1 | Frequency of anti-drug antibody formation in rheumatic diseases

Biologic RA PsA JIA AS Psoriasis Range Refs
agent or
biosimilar
Abatacept 2-20% (7) ND 2-11%(2) ND ND 2-20% (9) &
Adalimumab 0-51% (33) 0-54% (8) 6-33%(6) 8-39%(9) 0-51%(12) 0-54% (84) 4
Adalimumab 31.8-43.2%(4) ND ND ND 36.8-55.2%(2) 31.8-55.2% (6) 2
biosimilar (5)?
Certolizumab  2.8-37% (7) ND ND ND 21% (1) 3-37% (14) 4
pegol
Etanercept 0-13% (25) 0% (3) 0-6%(2) 0(4) 2-5% (5) 0-13% (37) 4
Etanercept 0.3% (1) ND ND ND 0% (1) 0-0.3% (2) @
biosimilars (2)?
Golimumab 2-10% (11) 6% (1) ND 0-6.4% (2) ND 0-19% (22) 4
Infliximab® 8-62% (48) 15-33% (3) 26-42%(2) 6.1-69% (10) 0-41%(12) 0-83% (114) !
Infliximab 48.2-53.0%(3) ND ND 25.0% (1) ND 22.9-53.0% (6) 2
biosimilars (3)*°
Ixekizumab ND 5.2-10.3% (2) ND ND ND 5.2-12.0%(2) 1

with

methotrexate;

8.6-12.0% (2) as

monotherapy
Rituximab® 0-21% (8) ND ND ND ND 0-21% (8) &
Rituximab 10.0-17.6% (5) ND ND ND ND 10.0-17.6% (5) o
biosimilars (3)*°
Secukinumab ~ ND 0-0.35% (6) ND 0-0.69%(6) 0-1%(8) 0-1% (14) Lo
Tocilizumab 0-16% (14) ND 1-8% (3) ND ND 0-16% (17) 4
Ustekinumab ND 8-11%(3) ND ND 4-8.6% (10) 1-11% (15) 4

The numbers in this table refer to percentages of patients with anti-drug antibodies across various randomized controlled trials,
with the number of trials in parentheses. Adapted from REF.%, Springer Nature Limited. AS, ankylosing spondylitis; JIA, juvenile
idiopathic arthritis; ND, no data; PsA, psoriatic arthritis; RA, rheumatoid arthritis. Refers to the number of biosimilars for a
particular biologic agent. "All patients in these trials were receiving background methotrexate therapy.
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Fig. 2 | Consequences of immunogenicity. Anti-drug antibodies can be neutralizing if they bind at, or close to, the
antigen-binding site of the therapeutic biologic agent (such as occurs with anti-idiotype antibodies). Anti-drug antibodies
can also accelerate clearance of the drug viaimmune complex formation and binding to Fcy receptors (FcyRs) and can
lead to a variety of adverse reactions (depending on the size of the immune complex), including infusion reactions,
delayed-type hypersensitivity reactions and, rarely, anaphylaxis.

at months 3 and 6 compared with 0% of those who
received placebo (P<0.001)*. Complete response was
associated with complete resolution of at least one target
tophus in 45% of patients who received treatment every
2 weeks®. Infusion reactions occurred in 26% (22 out
of 85) of the patients in the treatment group, including
anaphylaxis in four individuals, compared with only
5% (2 out of 43) of the patients in the placebo group;
infusion reactions were predicted by serum uric acid
concentrations >6.0 mg/dl before the infusion®. The
infusion reactions were associated with the presence of
ADAEs, resulting in the monitoring of serum uric acid
levels before each infusion being recommended in the
product label which, in a post hoc analysis, would have
reduced the incidence of infusion reactions to 2%".

High-titre ADASs to pegloticase in the phase III RCTs
were associated with a loss of treatment response owing
to reductions in serum drug concentrations (which thus
caused serum uric acid concentrations to increase); the
ADAs were not neutralizing and primarily recognized
the PEG moiety, leading to accelerated drug clearance®.
In a phase IT RCT of pegloticase in 30 patients with
refractory symptomatic gout, 7 of whom were organ
transplant recipients, 5 of the patients had a durable
response to therapy and only 1 patient developed ADAs™.
All the patients had been receiving anti-proliferative
and/or immunosuppressive drugs, including cyclo-
sporine and tacrolimus. Subsequent case series and
clinical trials of pegloticase have reported successful per-
sistent therapeutic outcomes and even ‘recapture’ of lost
clinical effect following initiation of anti-proliferative
background therapy using methotrexate, azathioprine,
mycophenolate mofetil or leflunomide®*.

To try to mitigate immunogenic responses, the other
pegylated uricase, pegadricase, is co-administered with
a proprietary biodegradable nanoparticle, InmTOR.

ImmTOR encapsulates the immunomodulator rapa-
mycin (sirolimus) to mitigate the formation of ADAs,
ostensibly by delivering a tolerogenic message to den-
dritic cells as they are exposed to pegadricase in the
spleen and liver*. An RCT comparing pegadricase with
pegloticase is currently underway".

Consequences of immunogenicity

The potential consequences of immunogenicity on the
pharmacokinetics and pharmacodynamics of bio-
logic agents vary (FIG. 2). For the majority of patients,
immunogenicity to biologic agents, particularly to
fully human monoclonal antibody therapies, has no
clinical consequences. In some individuals, ADAs are
associated with reduced therapeutic efficacy, either
because of immune complex formation and acceler-
ated drug clearance and/or because of neutralizing
antibodies that block monoclonal antibody binding to
the epitope binding site’. At least some immune com-
plexes are removed by the reticuloendothelial system
in the spleen and liver®. ADA formation is also linked
to certain adverse events following biologic agent ther-
apy, such as injection site reactions and/or infusion
reactions, the latter being more common with inflixi-
mab; less common adverse reactions to biologic agent
therapy include serum sickness and anaphylaxis (which
occurs rarely).

At a group level, the presence of ADAs is typically
associated with lower drug concentrations and reduced
efficacy and/or a secondary loss of response; but at
the level of the individual, a high degree of variability
exists'?. Characteristics of the ADAs are also important.
Low-affinity ADAs, which are typical in individuals with
pre-existing reactivity to the drug (such as can occur
with pre-existing reactivity to PEG), seem unlikely to
interfere with therapy, although this theory has not been
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Fig. 3| Immunogenicity screening assays. The figure shows commonly used anti-drug
antibody (ADA) detection immunoassay formats and their strengths and weaknesses.

a| For indirect enzyme-linked immunosorbent assays (ELISAs), the biologic agent is coated
on the assay plate, which captures any ADAs present in the sample; these antibodies are
then detected by an anti-human IgG antibody conjugated to an enzyme that provides a
colorimetric or chemiluminescent signal. b | Bridging ELISAs involve coating the biologic
agent directly onto an assay plate. Following an optional acid-dissociation pretreatment
step, the patient sample is added and any ADAs present are captured by the plate-bound
drug. The captured ADAs are then detected using an enzyme-labelled biologic agent,

so that any ADAs present must bind to two biologic agents (a plate-bound and a labelled
biologic agent) to emit a signal. Other ELISA methods designed to measure ADAs make
use of anti-human A-chain-conjugated antibodies as the detector antibody instead of

a labelled biologic agent. c| In an electrochemiluminescence immunoassay, following

an acid-dissociation pretreatment step, the sample is incubated with ruthenylated and
biotinylated forms of the biologic agent, which bind to any ADAs that are present. The
sample is then added to a streptavidin-coated plate, which captures the ADA-biologic
agent complexes. In the presence of tripropylamine and on application of an electric
current, the ruthenium produces a chemiluminescent signal. d | In radioimmunoassays,
protein A Sepharose captures the serum ADAs, which bind to radiolabelled fragments

of the biologic agent, and the radioactivity of the separated complexes are measured.
An important benefit of this method is that the biologic agent is in solution and has a low
probability of denaturing as a result of coating. Moreover, the risk of false positives owing
to binding of rheumatoid factor or non-specific antibody binding is low. Disadvantages
of the radioimmunoassay method include the complexity of the test, the long incubation
time and safety concerns around the use of radioactive material.

systematically studied. By contrast, repeated therapy in
an individual already sensitized to the biologic agent
might lead to ADAs of increasingly high affinity*. The
amplification of pre-existing endogenous antibodies!
presents a new challenge in the assessment of immuno-
genicity and its clinical relevance. In the future, it will
be helpful to identify the conditions that allow ADA
formation to remain limited to a low-titre, transient,
IgM response with few clinical effects or that promote
seroconversion.

Immunogenicity can be categorized by the functional
effect of the ADAs on serum drug concentrations, that is,
whether the ADAs are binding (non-neutralizing) anti-
bodies that do not affect drug-target interactions, or neu-
tralizing antibodies that bind to the pharmacologically
active site of the biologic agent, thereby physically inter-
fering with the ability of the drug to bind to its target™.
The clinical importance of testing for binding ADAs
or neutralizing ADAs in patients being treated with a
monoclonal antibody therapy is not clear. Although
neutralizing ADAs might have a direct negative effect
on functional drug concentrations, the major safety
concern for this type of ADA relates to enzyme replace-
ment therapies, for which cross-reactivity to the endo-
genous counterpart can lead to life-threatening adverse
effects®. However, no specific safety concerns have been
reported for neutralizing ADAs to monoclonal antibody
therapeutics. Nonetheless, binding ADAs might indi-
rectly decrease drug concentrations by increasing drug
clearance via immune complex formation.

As highlighted in the next section, harmonization of
immunogenicity assessments is necessary. Specifically,
harmonization of the type of assessments and assay
strategies used for measuring the immunogenicity of a
biologic product, including measurement of the immu-
nogenicity of different biologic products in the same
therapeutic class, as well as implementation of similar
study and laboratory protocols to obtain comparable

data, would improve our understanding of the clinical
consequences of immunogenicity.

Monitoring therapeutics and ADAs
Knowledge of immunogenicity and methodologies to
evaluate unwanted immune reactions have advanced
considerably since the introduction of biologic therapies.
The precision and sensitivity of immunogenicity assays
have improved over time and will continue to do so.
Consequently, the use of these new assays has high-
lighted a higher rate of immunogenicity than previously
thought**>**. Clinicians should be knowledgeable about
these developments and how differences between assay
types might influence interpretation of the assay test
results. Although the assessment of immunogenicity
was of great importance during drug development, the
arrival of biosimilars and the requirement to compare
these drugs with their reference products in RCTs has
generated new clinical information on the immuno-
genicity of already approved biologic therapies in
rheumatology*>**. During this time, the technology used
in immunoassay platforms has evolved, meaning that
the assay platforms originally used to monitor reference
products during development might now be outdated.
Information relevant for the assessment of the effects
of immunogenicity on overall clinical benefit-to-risk
ratios for therapeutic proteins is complex and distri-
buted across many different sections of the regulatory
dossier. Moreover, essential background information
on the intrinsic immunogenic potential of the molecule,
and how extrinsic factors (such as the product quality,
patient variables and dose regimen) might interact to
influence the clinical manifestations, is often missing.
For this reason, a draft guideline on immunogenicity
assessment from the EMA and guidance from the FDA
on immunogenicity testing formally reccommend that an
“integrated summary of immunogenicity” be included
in the product’s regulatory dossier™”.

ADA testing
The detection and assessment of ADAs is complex, and
results can be influenced by the assay utilized. Hence, it
is important to utilize specific and approved strategies
when evaluating immunological responses. Screening
tests must be sensitive, specific and able to recognize all
isotypes of ADAs to a given biologic agent. Platforms
for assessing immunogenicity include different types
of immunoassay, such as enzyme-linked immuno-
sorbent assays (ELISAs), electrochemiluminescence
immunoassays (ECLIAs) and radioimmunoassays, as
well as different immunoassay formats, such as direct,
indirect, bridging and competitive formats™**** (FIC. 3).
ELISAs and ECLIAs are the major platforms of
choice for ADA detection because such immunoassays
offer high sensitivity and throughput. Regardless of the
clinical relevance of low-affinity or high-affinity ADAs,
an assay should be capable of detecting a reasonable
range of ADA affinities. With indirect ELISAs, ADAs
are captured by the biologic agent immobilized on a plate
(FIC. 3a). A major disadvantage of such assays in the set-
ting of humanized and fully human therapeutics is high
background caused by the enzyme-labelled anti-human
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antibody cross-reacting with the plate-bound cap-
ture antibody. Additionally, fixation of the biologic agent
to the solid surface during plate coating can alter its con-
formation and which epitopes are exposed, decreasing
the sensitivity of the assay and leading to the potential for
cross-reactivity”. These drawbacks have been circum-
vented by bridging ELISAs, in which the non-labelled
biologic agent is directly immobilized on the plate in
the correct orientation to allow bridging of the ADAs
to the labelled biologic agent®' (FIG. 3b). Disadvantages
include the occurrence of false positives because of
non-specific binding and loss of low-affinity ADAs dur-
ing repeated washes. Sandwich versions of ELISAs are
also available and are more selective and specific than
either indirect or bridging formats; however, they still
might lose low-affinity ADAs during washing steps®.
Continuing improvements of immunoassays have
resulted in ECLIAs, which utilize the same principles as
an ELISA but use a ruthenium-conjugated protein rather
than an antibody for detection, and are therefore more
sensitive for detecting monoclonal antibodies® (FIC. 3¢).
Radioimmunoassays are based on high-sensitivity assay
techniques to measure concentrations of antigens by the
use of antibodies, or alternatively to detect antibodies
that recognize a specific antigen. These assays measure
the presence of an antigen with very high sensitivity. In a
radioimmunoassay, the target antigen is labelled radio-
actively and bound to its specific antibodies. Serum is
added to initiate a competitive reaction between the
labelled antigens from the preparation and the unla-
belled antigens from the serum for the specific antibod-
ies (FIC. 3d). The competition for the antibodies releases a
certain amount of labelled antigen, which is proportional
to the ratio of labelled to unlabelled antigen. However,
comparison of data in the literature seems to show that
ECLIA is more sensitive than radioimmunoassay and
is less affected by drug interference, with the advantage
that patient and study heterogeneity is not a limiting
factor for study comparisons.

The most important distinction between immuno-
genicity assays is the extent to which the assays are
drug-tolerant; in other words, how sensitive an assay
is to the presence of the biologic agent in the serum,
which, when present in equivalent concentrations to
ADAs, causes the formation of immune complexes®.
The concentration of the biologic agent in the sample
needed to interfere with ADA detection depends on the
amount of ADA present in the patient sample, mean-
ing that the drug tolerance of an assay will be higher
for serum with high ADA titres and lower for serum
with low ADA titres. To detect ADAs with high confi-
dence, assays must have high specificity and sensitivity.
Moreover, it is important to minimize drug interference
in an assay, which can be achieved by several strategies,
such as sample pretreatment, the use of drug-tolerant
assays and the use of competing antibodies. For exam-
ple, in bridging ELISAs, ADAs link non-labelled biologic
agent to labelled biologic agent; thus, immune complex
formation precludes recognition of the bridging moiety
and can lead to underestimation of immunogenicity.
To overcome this technical weakness, drug-tolerant
assays have been developed by adding an acidic or

basic pretreatment step designed to dissociate ADA-
drug complexes in serum samples®. Other technical
advances that have been used to increase the drug tol-
erance of assays include affinity capture elution and the
use of nanoparticles or magnetic beads. Data from such
assays consistently show that low-affinity ADAs are
detectable at 2-4 weeks after the initial biologic agent
dosing and that the majority of ADAs are evident within
12-24 weeks®.

Whether drug-tolerant assays are more useful than
other assays in clinical practice is a subject of debate.
These assays detect ADAs that decrease drug serum con-
centrations in the patient, but also detect low-affinity
antibodies that do not cause clinically relevant changes
in the pharmacokinetics of the drug. Furthermore, large
ADA-drug complexes are eliminated rapidly from the
circulation, which can lead to immunogenicity being
underestimated®. By contrast, drug-sensitive assays
typically only reveal ADAs when serum trough con-
centrations are below clinically relevant concentrations.
Therefore, clinical judgements made on the basis of
drug-tolerant assay results must be carefully assessed,
given that the strong associations between immuno-
genicity and clinical effects were mostly established
using drug-sensitive assays® .

Irrespective of the technique used to detect ADAs,
assay validation parameters should include cut-off
points, sensitivity, drug tolerance, specificity, precision,
dilution range of the serum and reproducibility®>”.
In the absence of reference standards, these assays are
simply quasi-quantitative. As a consequence, to cor-
rectly interpret ADA test results, the dose, timing of
administration and serum drug concentrations should
be determined concomitantly with immunogenicity.
In practical pharmacokinetic terms, the assessment of
clinical immunogenicity requires collecting samples at
the end of the drug elimination phase (that is, when the
drug is at its lowest concentration) immediately before
the next administration, to avoid drug interference in the
assay. Repeated testing is useful for determining whether
the ADAs are transient. If necessary, a positive test result
should be confirmed by incorporating an excess of bio-
logic agent into the assay, which will reduce the signal
of a truly positive ADA result. The detection of ADAs
is typically followed by assessments of the magnitude
(titre) of the ADA response, especially in late-stage clin-
ical studies. ADA titres provide more useful information
for the interpretation of ADA data and for determining
relationships with clinical outcomes than mass concen-
trations. Hence, ADA titres are usually determined by
running positive samples in serial dilution and report-
ing the titre as the reciprocal of the last dilution at
which the sample scores are negative. Samples verified
as ADA-positive might also be subsequently tested for
the presence of neutralizing ADAs using cell-based bio-
assays or competitive ligand-binding assays. Cell-based
bioassays, which monitor the function of the biologic
agent in the presence of neutralizing ADAs, are recom-
mended by the FDA. However, cell-based approaches
can be laborious and difficult to develop, despite the
provision of validation guidelines provided by the FDA
and EMA>%,
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Table 2 | Characteristics of TNF inhibitors

Characteristic

Molecular structure

Binding specificity
Anti-nuclear antibody
induction

FcyR binding

Transmembrane TNF
neutralization

Reverse signalling
(apoptosis)

Reverse signalling
(cytokine suppression)

Antibody-dependent
cytotoxicity?

Complement-dependent

cytotoxicity?

Associated with lupus-like

syndrome

Associated with
demyelination or
neuropathies

Adalimumab Certolizumab pegol Etanercept Golimumab  Infliximab
Fully human IgG1k Pegylated F(ab “)*fragment  Fusion protein of a Fully human Chimeric (mouse and
monoclonal antibody of humanized IgG1xk human TNFR2 and monoclonal human) monoclonal
monoclonal antibody IgG1 Fcregion antibody IgG1k antibody
TNF TNF TNF and TNF TNF
lymphotoxin
+++ + + ++ ++
++ = +/—- ND ++
+++ +++ ++ +++ +++
SSins = +/— SSias +++
+++ +++ ++ +++ +++
+++ = +/— +++ +++
+++ = +/— +++ +++
Yes Yes Yes Yes Yes
Yes Yes Yes Yes Yes

Adapted with permission from REF.'”%, Elsevier. FcyR, Fcy receptor; ND, no data; TNFR2, TNF receptor 2. °Examined under in vitro conditions.

Therapeutic drug monitoring

Population pharmacokinetic models have consist-
ently shown that ADAs that recognize TNF inhibitors
can increase the clearance rate of the drug, resulting
in decreased serum drug concentrations, as occurs
with infliximab, adalimumab, golimumab and certo-
lizumab pegol”"”?. Therefore, the pharmacokinetics of
the therapeutic protein can also be used as a marker
of immunogenicity. Therapeutic drug monitoring
requires a different methodology to immunogenicity
assays but similarly lacks a single standard technique
or algorithm. Differences between pharmacokinetics
data are not caused by a lack of correlation between
results obtained using different methodologies, as clin-
ical decisions are often similar regardless of the assay
used. However, 20-30% of therapeutic drug monitoring
results are potentially incorrect because of differences
in how the cut-off levels of the assays are determined”.
Therefore, more evidence from RCTs is needed dur-
ing the development of biologic agents to identify and
optimize the use of immunogenicity assays in clinical
practice. To improve therapeutic decision-making, the
same assays and cut-off values should be used during
the follow-up of each individual patient.

In terms of implementing therapeutic drug mon-
itoring and immunogenicity testing in clinical prac-
tice, usually >20 samples a day are required to enable
the laboratory to make results clinically available in a
cost-effective matter. As a result, the clinician frequently
only has the results of the last test just in time for the
next scheduled infusion. To surmount this disadvan-
tage, rapid point-of-care tests for measuring serum

concentrations of TNF inhibitors are becoming increas-
ingly available”. Quantitative and qualitative validation
of these tests against conventional ELISAs has been
successful’®. Such rapid testing offers many advantages,
such as enabling testing during outpatient visits for
patients who do not respond to therapy and who need to
be monitored by a nurse, physician or researcher before
their next infusion. Because of the rapidity of obtain-
ing the test results (results are typically obtained within
15-20min), treatment can be adjusted immediately
rather than at the subsequent infusion (which typically
occurs 6-8 weeks later)®.

Immunogenicity of biologic therapies

In this section, we review published immunogenicity
data for biologic agents that are licensed or approved for
use for inflammatory arthritis (including RA, psoriatic
arthritis (PsA) and ankylosing spondylitis).

TNF inhibitors
Infliximab. Being chimeric, infliximab is the most
immunogenic of the TNF inhibitors* (TABLE 2). The pres-
ence of ADAs to infliximab is generally associated with
reduced serum infliximab concentrations, decreased phar-
macodynamic effects and clinical responses and a greater
risk of infusion reactions’. ADAs are formed to the mouse
portion of the monoclonal antibody, which includes the
epitope binding region, and are generally of the IgG,
IgA or IgM isotype or, less commonly, the IgE isotype™.
The formation of large, irregularly shaped ADA immune
complexes occurs in patients with high serum concen-
trations of both infliximab and ADAs, as can happen
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Target-mediated drug
disposition

When the binding of a

drug to its target affects the
pharmacokinetics of the drug.

during and following intravenous administration®.

Following infusions, peak serum concentrations of
infliximab can reach as high as 100-150 mg/ml, approx-
imately ~1% of the total serum IgG antibodies; the
presence of equimolecular concentrations of the drug
and ADAs can lead to the rapid formation of soluble IgG
complexes®. Individual anti-infliximab antibody clones
have different propensities to form dimers, tetramers,
hexamers and even larger complexes in vitro®. Large
immune complexes are rapidly internalized by macro-
phages and preferentially cleared in vivo, leaving only
dimer complexes in the circulation. Large disorganized
complexes, especially those larger than hexamers, acti-
vate the complement cascade and result in subsequent
infusion reactions, which therefore represent a type III
hypersensitivity reaction (immune-complex mediated)
rather than a type I IgE hypersensitivity reaction, which
is consistent with the rarity of detection of IgE ADAs™*.

ADA formation is lower in patients with RA receiv-
ing higher doses of infliximab than in patients receiving
lower doses; induction regimens and background therapy
with methotrexate and/or leflunomide also reduce the
incidence of ADAs in patients with RA%. ADAs to inflix-
imab or its biosimilar CT-P13 occur at a lower rate in
those with SpA than in those with RA, even in the absence
of background therapy'>'>. ADA titres also increase
with the duration of therapy.

As related in an earlier section, some ADA responses
are conventional, T cell-dependent, immune reactions™.
Researchers have identified various immunogenic T cell
epitopes in the variable chain regions of infliximab and
rituximab by deriving CD4* T cell lines generated from
15 healthy individuals™. Six of the nine T cell epitopes
identified could stimulate peripheral blood mononu-
clear cells from patients sensitized against infliximab or
rituximab, promoting the secretion of a diverse range of
cytokines. Thus, the identification of neo-epitopes and
their MHC binding capabilities might, in some cases,
predict the immunogenicity of therapeutic monoclonal
antibodies. Removing such epitopes from the amino acid
sequence of the therapeutic monoclonal antibody could
decrease its immunogenicity; however, this approach
would require an entirely new clinical development
programme as the modified biologic would be consid-
ered a new monoclonal antibody therapy rather than
a biosimilar.

Immunogenicity data are also available for three of
the infliximab biosimilars® (TABLE 1). On the basis of more
sensitive assays, the incidence of ADAs in patients with
RA receiving background methotrexate approximates
50%, the majority of which are neutralizing. Positivity
for ADAs is associated with lower serum drug concentra-
tions, reduced clinical responses and infusion reactions.
Epitope recognition was similar between biosimilars and
reference product, showing a similar antigenic presenta-
tion. Potentially immunogenic epitopes are mainly pres-
ent in the variable light chain and heavy chain but are
also present in the Fc domain.

Adalimumab. Adalimumab is a fully humanized
anti-TNF antibody that was developed using phage dis-
play substitution, a method that was the subject of the

Nobel prize for chemistry in 2018 (REFS’*”"). Even with
humanization, heavy and light variable chain amino
acid sequences adjacent to the epitope binding site
within the CDR of the monoclonal antibody are broadly
immunogenic in healthy volunteers as well as in patients
with autoimmune diseases. This immunogenicity has
been confirmed by prominent CD4" T cell responses
to adalimumab in samples from around 100 healthy
individuals™.

ADAs to adalimumab are predominantly neutral-
izing ADAs of the IgG1 or IgG4 isotype that circulate
as small dimeric immune complexes. These ADAs
have been extensively studied, particularly in Dutch
cohorts of patients with RA or PsA’*-*, The majority
of patients develop ADAs within the first 28 weeks of
treatment; high titres are associated with low or unde-
tectable serum drug concentrations, reduced clinical
responses and, less commonly, injection site reactions.
ADA levels increase with longer duration of therapy.
Induction regimens (in patients with Crohn’s disease)
and the use of background therapy with methotrex-
ate or other anti-proliferative agents maintain adal-
imumab blood concentrations and decrease ADA
formation'***. Coadministration of methotrexate
prolongs the half-life of adalimumab by 40-50%*;
an effect that is dose-dependent®, distinct from its
effects on immunogenicity, and presumably caused by
inhibition of Fc-mediated clearance mechanisms® or
increased FcRn expression in tissues”’'. Methotrexate
does not have a similar effect on prolonging the half-life
of the TNF inhibitors etanercept or certolizumab pegol.
Methotrexate also reduces serum TNF concentrations
and, owing to reduced target-mediated drug disposition,
contributes to increased TNF inhibitor concentrations
and improved clinical responses’. However, given the
high quantity of TNF inhibitor compared with TNF,
a reduction in target-mediated drug disposition does
seem to be a plausible explanation. Another hypothesis
is that methotrexate suppresses early B cell and T cell
responses towards the biologic agent, leading to immune
modulation that is dependent, in part, on red blood cell
methotrexate polyglutamate concentrations and thus the
dose and duration of methotrexate administration’”.
To date, the CONCERTO trial® is probably the RCT
that has best addressed the appropriate dosing of meth-
otrexate with adalimumab, although the results were
confounded as all patients had been receiving metho-
trexate before enrolment. Given the long half-life of red
blood cell methotrexate polyglutamate concentrations,
the effects of changes in drug doses reported in the trial
might have been delayed.

Serum concentrations of 5-8 pg/l adalimumab are
associated with optimal clinical benefit in patients
with RA or PsA, although a threshold serum adali-
mumab concentration and a predictor of remission
could not be identified in patients with Crohn’s disease®.
Immunogenicity data are also available for the six adal-
imumab biosimilars® (TABLE 1). ADAs to the biosimilars
are consistently detected in approximately 40-50% of
patients with RA receiving background methotrex-
ate and in 50-60% of patients with psoriasis receiving
biosimilar monotherapy. The majority of these ADAs
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(50-100%) are neutralizing ADAs, although results can
vary depending on the type of assay utilized.

Golimumab. Golimumab is a fully human anti-TNF
monoclonal antibody that was produced using homo-
logous recombination in genetically modified mice.
Overall, the incidence of ADAs to this biologic agent
is low, typically ranging from 2% to 19%*. Nonetheless,
as with adalimumab, the presence of ADAs is associated
with low or undetectable serum drug concentrations,
reduced clinical responses and injection site reactions’.
Immunogenicity is lower with intravenous administra-
tion than with subcutaneous administration, and the use
of background methotrexate improves serum concen-
trations of the drug. For example, following subcutane-
ous administration of golimumab, ADAs were detected
in 5 out of 33 patients with RA compared with 1 out
of 43 patients with ankylosing spondylitis when tested
at 24 weeks™.

In the AWARE trial, an observational study comparing
golimumab with infliximab treatment in 1,270 patients
with RA, 14.2% of the patients receiving infliximab and
3.9% of the patients receiving golimumab had infusion
reactions. Rates of ADAs were higher in those receiving
infliximab than in those receiving golimumab, irrespective
of prior biologic exposure or methotrexate use”.

Etanercept. Etanercept is a fusion protein of the p75 com-
ponent of soluble TNF receptor 2 (TNFR2) and the IgG1
Fc region. The incidence of ADAs to etanercept is low,
in part because many commercial assays are designed to
assess the binding of ADAs to epitope-binding regions,
which will not detect anti-linker-region ADAs*. A similar
agent, lenercept, which is a fusion protein of the p55 com-
ponent of soluble TNFR1 and the IgG1 Fc region, causes
the formation of antibodies to two major linear epitopes
located in close proximity to the linker region that can,
with epitope spreading, yield anti-Fc region ADAs, which
are associated with serum sickness; by contrast, no inhi-
bition of epitope-binding regions was reported”. There
has been at least one case of serum sickness associated
with administration of etanercept to an adult patient with
juvenile idiopathic arthritis (W. H. Robinson, personal
communication). Immunogenicity data are also avail-
able for three etanercept biosimilars (TABLE 1). Overall,
the incidence of ADAs is low, <10%, and all ADAs are
non-neutralizing (some of which are transient); however,
the association between ADAs and pharmacokinetics has
not been investigated®”.

Lower serum drug concentrations are associated with
the presence of ADAs and diminished clinical responses.
In one study looking at the relationship between etaner-
cept concentrations and clinical responses in patients
with RA, the patients with lower serum concentrations of
etanercept were predominantly women, had a higher BMI
and glomerular filtration rate and were receiving lower
doses of methotrexate than those patients with higher
serum concentrations of the biologic agent””. However,
no ADAs were detectable in the sera of these patients,
which might otherwise have explained these find-
ings. In another study involving 186 patients with RA,
circulating concentrations of TNF increased in the

patients following the administration of etanercept,
similar to the effects seen with adalimumab®. Notably,
in RCTs, etanercept combined with methotrexate ther-
apy is more effective than etanercept monotherapy in
patients with RA, regardless of the dose of methotrexate
administered.

Certolizumab pegol. Certolizumab pegol is a F(ab’)* frag-
ment of a humanized anti-TNF antibody that is conju-
gated to PEG. In various RCTs of this drug in patients
with RA or psoriasis, 3-37% of the patients developed
ADAs (TABLE 1); the majority of the ADAs were neu-
tralizing and were associated with lower serum drug
concentrations and reduced efficacy**. In a study of
115 patients, ADA formation correlated inversely with
serum drug concentrations (both measured in random
samples rather than in trough blood samples) and higher
concentrations of the biologic agent correlated with a
good treatment response. In a smaller study of 40 patients
with RA, 65% of the patients developed ADAs, but the
presence of these antibodies did not seem to influence
the circulating drug concentrations in these individuals
(measured in trough serum samples). The presence of
ADAs was associated with a reduction in drug concen-
trations over time; nevertheless, certolizumab pegol con-
centrations remain high in most ADA-positive patients.
Furthermore, ex vivo, the TNF neutralization capacity of
the patients’ blood correlated with their serum drug con-
centrations but not with the formation of ADAs, poten-
tially reflecting the presence of ADAs that recognize the
PEG component of the drug™. Use of an initial loading
dose of certolizumab pegol and concurrent methotrexate
therapy helped to mitigate immunogenicity, regardless of
the dose of methotrexate used.

Rituximab
As a B cell-depleting, chimeric anti-CD20 monoclonal
antibody, the immunogenicity of rituximab is under-
estimated’. This therapy is administered intermittently,
and repeated courses of rituximab, particularly in
patients with autoimmune diseases such as RA, sys-
temic lupus erythematosus and anti-neutrophil cytoplas-
mic antibody-associated vasculitis, can result in loss of
response in some individuals, which can be recaptured
using a humanized or fully human anti-CD20 mono-
clonal antibody'. As discussed earlier for infliximab,
epitope mapping studies have revealed potentially
immunogenic T cell epitopes in rituximab”.
Background therapy with methotrexate and other
anti-proliferative agents is associated with a lower inci-
dence of ADAs to rituximab and a longer efficacy of
treatment. However, studies of the effect of differing
dose regimens on the immunogenicity of rituximab are
lacking. Data are also available for the three rituximab
biosimilars®; in RCTs of these biosimilars in RA, 0-21%
of patients had ADAs following the second course of
therapy (TABLE 1).

Abatacept

Abatacept is a cytotoxic T lymphocyte protein 4
(CTLA4)-Fc fusion protein, designed to inhibit T cell
activation. The immunogenicity of abatacept has been
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extensively studied in various RCTs in patients with RA,
including studies comparing intravenous with subcuta-
neous administration, as well as studies of the effect of
switching from intravenous to subcutaneous therapy or
the effect of discontinuation and reinstitution of sub-
cutaneous treatment (reviewed in detail elsewhere)®. As
with etanercept, the immunogenic portion of abatacept
is the linker between the CTLA4 extracellular domain
and the IgG1 Fc region. In all the switching studies, <5%
of the patients had ADAs following either intravenous or
subcutaneous administration, switching or discontinua-
tion and restart of therapy, and all of the antibodies were
non-neutralizing.

IL-6 inhibitors

Tocilizumab. Tocilizumab is a humanized monoclo-
nal antibody to the soluble IL-6 receptor (sIL-6R). As
with abatacept, the immunogenicity of tocilizumab has
been studied in RCTs comparing intravenous admin-
istration and subcutaneous administration in patients
with RA"""". The immunogenicity of subcutaneous and
intravenous tocilizumab was similar when tested using
anon-drug-tolerant assay with moderate sensitivity: 69
(1.2%) of the 5,875 patients treated with intravenous
tocilizumab and 47 (1.5%) of the 3,099 treated with sub-
cutaneous tocilizumab were ADA-positive; the majority
of ADAs were neutralizing'”. Anaphylaxis events can
occur with intravenous therapy and were reported in
0.1% of patients with RA (3 of 2,644) in the 24-week
results of RCTs of this therapy, and in 0.2% of patients
(8 of 4,009), generally during the second to fourth
infusions, in a study looking at long-term exposure'®.
Anaphylaxis also occurred in 1 patient (out of 56) in a
trial of tocilizumab in patients with systemic juvenile
idiopathic arthritis'”. Furthermore, 4% of the patients
receiving intravenous tocilizumab had infusion reac-
tions and 10% of the patients receiving subcutaneous
tocilizumab had injection site reactions'"'.

Notably, drug reaction with eosinophilia and sys-
temic symptoms syndrome was reported in a patient
with adult-onset Still's disease following administration
of 8 mg/kg intravenous tocilizumab'*". The rash pro-
duced by the drug differed from the original rash caused
by the disease, and a biopsy confirmed the presence of
a lymphocytic and eosinophilic perivascular infiltrate,
which was associated with a high peripheral eosinophil
count and elevated liver function tests.

Sarilumab. Sarilumab is a fully human monoclonal
antibody to sIL-6R, produced using homologous
recombination. Using a sensitive assay (an ECLIA that
included an acid dissociation step), ADAs were assessed
in 132 patients with RA who were randomly assigned
to receive 150 mg (n=65) or 200 mg (n=67) sarilumab
every 2 weeks'”. Persistent ADAs were detected in 12.3%
and 6.1% of individuals receiving the 150 mg and 200 mg
doses, respectively, of which 6.1% and 3.0% were neu-
tralizing ADAs. A single hypersensitivity event of rash
was reported and no incident anaphylaxis, and the pres-
ence of ADAs affected neither the efficacy nor the safety
of the drug, which produced similar responses in
ADA-positive and ADA-negative patients.

IL-12-IL-23 inhibitor

Ustekinumab is a human IgG1 monoclonal antibody
to the p40 subunit of IL-12 and IL-23 that is approved
for the treatment of psoriasis, PsA and Crohn’s disease.
Immunogenicity data are available from RCTs in pso-
riasis and PsA', as well as from a prospective observa-
tional study of ustekinumab in 76 patients with plaque
psoriasis (in which serum concentrations of ADAs and
ustekinumab were measured by radioimmunoassay
and ELISA, respectively)'®. In the latter study, after a
mean of 13 months of treatment, ADAs were detectable
in 6.5% of the patients, the presence of which were asso-
ciated with significantly lower serum drug concentra-
tions (0.01 mg/1 versus 0.2 mg/l; P<0.001) and a reduced
treatment response (as assessed by a 50% reduction in the
psoriasis area and severity index score; 0% versus 69%;
P=0.004). The percentages of ADA-positive patients
were similar among those with prior exposure to adali-
mumab with and without anti-adalimumab antibodies
(14.3% versus 12.5%; P=1.00).

Researchers have compared and validated different
measurement approaches for the assessment of usteki-
numab immunogenicity, following the recommenda-
tions of the EMA and FDA'”; in this assessment, a newly
developed ELISA-based acidification assay for detecting
neutralizing ADAs was compared with surface plasmon
resonance, a conventional ELISA and cell-based neu-
tralization assays. The detection of ADAs was increased
after the acidification step, indicating the release of
ustekinumab from binding sites owing to the presence
of neutralizing ADAs.

IL-17A inhibitors

Secukinumab. Secukinumab is a fully human mono-
clonal antibody that recognizes IL-17A and is approved
for the treatment of psoriasis, PsA and SpA'. In RCTs,
researchers have used ECLIAs to assess the immuno-
genicity of secukinumab (administered as monthly sub-
cutaneous infusions with or without intravenous or
subcutaneous loading doses) in PsA (the FUTURE 1-3
RCTs) and in SpA (the MEASURE 1-4 RCTs) at base-
line and at weeks 16, 24 and 52 (REF.'"). In the treatment
groups, ADAs were detectable in 0.35% (5 of 1,414) of the
patients with PsA and 0.69% (8 of 1,164) of the patients
with SpA over 52 weeks; 2 of the 5 ADA-positive
patients with PsA and 1 of the 8 ADA-positive patients
with SpA had received concurrent methotrexate ther-
apy. Only one of the patients had neutralizing ADAs,
and the presence of ADAs was not associated with
changes in serum drug concentrations, loss of efficacy
or adverse events. Data from MHC-associated peptide
proteomics analysis and T cell activation assays suggest
that secukinumab is comparable to other fully human
monoclonal antibodies with low immunogenicity with
regard to the types of potential T cell epitopes and T cell
response rates'®.

Ixekizumab. Ixekizumab is a humanized monoclonal
antibody to IL-17A that is approved for the treatment
of psoriasis, PsA and SpA. ADAs have been detected
using a drug-tolerant affinity capture elution approach,
in which ADA-positive patients were divided into
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negative, low (<1:160), moderate (21:160 to <1:1,280)
and high (>1:1,280) titre groups'"’. In 385 patients with
psoriasis who were treated for 60 weeks in a phase III
RCT, 17.4% had detectable ADAs, only 3.5% of which
were neutralizing ADAs. Some preliminary immuno-
genicity data on ixekizumab in PsA is available from
the SPIRIT-P1 RCT (biologic-naive patients) and the
SPIRIT-P2 RCT (patients who have an inadequate
response or intolerance to TNF inhibition), in which
patients received a 160-mg loading dose subcutaneously
followed by 80 mg ixekizumab every 2 or 4 weeks''. Of
the 223 patients from both RCTs being treated con-
comitantly with ixekizumab and methotrexate, ADAs
were detectable in 11 (10.3%) and 6 (5.2%) of those on
4-week or 2-week dosing regimens, respectively, and of
the 222 patients receiving ixekizumab monotherapy,
ADAs were detectable in 13 (12%) and 9 (8.6%) of those
on 4-week or 2-week dosing regimens, respectively'''.
As in psoriasis, the majority of the ADAs were present
at low titres, and some were neutralizing, but ADA pos-
itivity did not have an effect on the long-term efficacy
of the drug.

A sensitive T cell assay format has also been used to
determine reactivity to secukinumab, ixekizumab and
adalimumab in 16 healthy individuals''>. Monocyte-
derived dendritic cells from individuals with the most
common HLA-DR alleles that occur in the ethnically
mixed European population were incubated with either
the individual monoclonal antibodies or with keyhole
limpet haemocyanin (KLH) as a positive control. CD4*
T cell lines were then generated in vitro by co-culture
with the dendritic cells, the antigen specificity of the
T cell lines tested by a type I interferon ELISpot assay
and the mean frequency of antigen-specific cells
per million donor cells determined. Responses were
detected to KLH in all samples, whereas only 1 individ-
ual responded to secukinumab, 9 responded to ixeki-
zumab and 9 responded to adalimumab, reflecting the
lower immunogenicity of secukinumab compared with
ixekizumab or adalimumab.

Switching studies

Several open label studies have investigated the effects of
switching biologic therapies in patients with rheumatic
diseases who do not respond, or who respond poorly, to
a TNF inhibitor; these patients might either be switched
to another TNF inhibitor or to a different class of bio-
logic therapy, such as abatacept or rituximab. The results
of the RESTART trial (n=197) confirmed that patients
who do not respond to either adalimumab or etanercept
might respond to infliximab, with 52% of the switched
patients achieving a EULAR clinical response at week 26
(REF.'"). In a different cohort study investigating a switch
to adalimumab in patients who did not respond to inflix-
imab therapy (n=235), patients with ADAs to infliximab
developed non-cross-reactive ADAs to adalimumab
more often than patients without ADAs to inflixi-
mab (27% versus 18%; P=0.039); however, there was
no difference in the changes in the 28-joint disease
activity score between the two groups™. Thus, more
ADA-positive individuals who switch therapy develop
non-cross-reactive ADAs to a second or third TNF

inhibitor than ADA-negative individuals who switch;
however, many individuals with a secondary inadequate
response show no evidence of immunogenicity. In a sep-
arate study, 89 individuals with a secondary inadequate
response to adalimumab or infliximab were switched to
etanercept and compared with 203 TNF inhibitor-naive
patients'. There was no difference in responses between
TNF inhibitor-naive and ADA-positive individuals
who switched medication, whereas poorer responses
were seen in those who switched medication and were
ADA-negative, suggesting that inadequate responses to
therapy in this latter group reflected synovitis that was
no longer TNF dependent.

For ‘non-medical’ drug switching, for example,
switching from intravenous to subcutaneous admin-
istration of the same biologic agent for convenience
and/or cost reasons, the therapeutic responses before and
after switching are usually comparable'". Non-medical
switching to biosimilars has been reviewed extensively
elsewhere® and is not a topic for this manuscript. As no
biosimilar has been approved in the USA as an inter-
changeable product (a regulatory designation only avail-
able in the USA), switching between a reference product
and a biosimilar is not currently relevant to clinical
practice in the USA.

Clinical practice implications

Given the immunogenicity of TNF inhibitors, and its
therapeutic consequences, researchers have advocated
monitoring serum drug and ADA levels''®'"’, although
the cost-effectiveness of this practice has not yet been
as robustly demonstrated for rheumatic diseases as it
has for inflammatory bowel disease''*'*". In theory,
measurements of circulating drug concentrations could
enable rheumatologists to personalize dosing, avoiding
both under-exposure to the drug, which might reduce
treatment efficacy, and over-exposure to the drug, which
might increase the risk of adverse events, such as infec-
tions. Combined with ADA measurements, drug con-
centration measurements might also be helpful when
assessing non-response to therapy (FIG. 4).

At a population level, an optimal blood concen-
tration of a biologic agent theoretically exists that
maintains the patients in sustained remission without
leading to over-exposure to the drug. For example,
with adalimumab, a trough concentration of 51 g/ml
might be optimal?'. Using this knowledge, it might
then be possible to lengthen the intervals between
doses for patients with high trough concentrations.
Similar approaches could be developed for other bio-
logic agents. Conversely, if patients fail to respond to
a therapy, then knowledge of drug concentrations and
ADAs can also be helpful. In individuals who exhibit a
primary non-response to a therapy, a serum drug con-
centration measurement within the therapeutic range
could suggest the need to switch to another class of
drug, whereas low serum drug concentrations could
suggest that a higher dose is necessary. Similar rules
can apply for individuals with a secondary non-response
to therapy, except that the presence of ADAs alongside
low serum drug concentrations might suggest that an
alternative therapy from the same biologic class be
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However, if loss of efficacy is not associated with anti-drug antibody development, then the best strategy might be to
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selected, whereas low serum drug concentrations in the
absence of ADAs might suggest poor adherence, assum-
ing that the drug was previously effective®**. Despite
these theoretical benefits, preliminary results from the
NOR-DRUM study revealed no clinical benefits of ther-
apeutic drug monitoring in patients initiating infliximab
therapy across a variety of inflammatory diseases'*’; no
clinical differences were observed between the thera-
peutic drug monitoring group (consisting of individu-
alized therapy with infliximab according to serum drug
concentrations and ADA status) or the control group
(administration of infliximab without knowledge of
the serum drug concentrations or ADA status) after
30 weeks of treatment. However, the study did not
specify how often the dose was adjusted in the thera-
peutic drug monitoring group, which would have been
useful to know, particularly for those patients with
sub-optimal serum drug concentrations. In terms of
adverse effects, the development of infusion reactions
with infliximab in the presence of ADAs should prompt
a change of treatment, potentially to another TNF inhib-
itor. However, only a minority of patients with ADAs
develop infusion reactions. Injection site reactions
might reflect immunogenicity but can also be attributed
to the formulation of the agent in use.

Without therapeutic drug monitoring, the decision
to switch to a different therapy following a primary or
secondary inadequate response depends on the clini-
cian’s inclination and the preference of the hospital.

Therapeutic drug monitoring could improve this pro-
cedure by identifying subgroups of patients who might
profit from switching to either a second TNF inhibitor
or to a biologic of a different class. For example, loss of
clinical response to a first TNF inhibitor in the absence
of ADAs is predictive of a potential lack of response if
switched to a second TNF inhibitor'?>. However, in a
series of 137 patients with RA, neither the ADA sta-
tus nor the serum drug concentrations were predic-
tive of subsequent responses to TNF inhibitors or to
other classes of biologic agents in patients who were
not responsive to adalimumab therapy'*‘. Notably,
this study was a retrospective analysis of patient data
rather than a prospective trial, and used random sam-
ples rather than trough blood samples to measure
drug concentrations and ADAs. Importantly, clinical
monitoring is adequate on its own in rheumatology,
unlike other specialties, which might require additional
invasive tests.

Although a number of algorithms have been devel-
oped for therapeutic drug monitoring of biologic agents,
a major remaining question relates to cost-effectiveness.
Implementation of therapeutic drug monitoring will
potentially require additional hospital attendance by
patients to measure trough drug concentrations (for
self-injected medications), laboratory set-up and stand-
ardization and an interpretation service, in addition to
the financial costs of the assays. Although therapeutic
drug monitoring has become the preferred practice for
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the treatment of inflammatory bowel disease in the
USA, there is a dearth of evidence as to whether ther-
apeutic drug monitoring improves clinical outcomes
and, particularly, whether this approach can be cost
effective'”. Consequently, the UK National Institute
for Health and Care Excellence does not recommend
routine therapeutic drug monitoring in patients with
either RA or Crohn’s disease but does recommend
further research in this area'*’. By contrast, although
limited evidence was available, a systematic review of
studies in patients with inflammatory bowel disease
suggests that this approach has cost-saving benefits
(particularly for reactive therapeutic drug monitoring),
as well as potential benefits in terms of improving TNF
inhibitor durability (particularly for proactive thera-
peutic drug monitoring)'”’. Importantly, if therapeutic
drug monitoring does become a cost-effective addition
to the care of patients receiving biologic agents in rheu-
matology, education for health-care professionals and
patients would be required concerning the different
types of assay platforms available, their standardization
and their interpretation.

Conclusions

The advent of biosimilars and the need for rigorous regu-
latory standards have catalysed research and innovation
in the measurement of immunogenicity, resulting in a
better understanding of its determinants, consequences
and clinical implications. Furthermore, a variety of meth-
ods now exist for characterizing ADAs, which have high-
lighted differences in immunogenicity among different
biologic agents. Although the measurement of circulat-
ing biologic drug concentrations in concert with ADA
measurements can, in theory, optimize dosing strategies,
the attractiveness of therapeutic drug monitoring is not
yet supported by high-quality cost-effectiveness studies,
which will be required before such testing becomes a
part of standard care. Additionally, the simple methods
for therapeutic drug monitoring that have appeared in
the literature should not detract from the sophistication
of the assays used, which demand a degree of interpre-
tation by the requesting clinicians, as well as education
of the patients themselves.
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Toll-like receptor signalling in B cells
during systemic lupus erythematosus

Simon Fillatreau®'23% Benoit Manfroi' and Thomas Dorner®%°

Abstract | B lymphocytes have a central role in autoimmune diseases, which are often defined
by specific autoantibody patterns and feature a loss of B cell tolerance. A prototypic disease
associated with B cell hyperactivity is systemic lupus erythematosus (SLE). In patients with SLE,
the loss of B cell tolerance to autoantigens is controlled in a cell-intrinsic manner by Toll-like
receptors (TLRs), which sense nucleic acids in endosomes. TLR7 drives the extrafollicular B cell
response and the germinal centre reaction that are involved in autoantibody production and
disease pathogenesis. Surprisingly, TLR9 seems to protect against SLE, even though it is required
for the production of autoantibodies recognizing double-stranded DNA-associated antigens,
which are abundant in SLE and are a hallmark of this disease. The protective function of TLR9 is
at least partly mediated by its capacity to limit the stimulatory activity of TLR7. The roles of TLR7
and TLR9 in the effector function of B cells in lupus-like disease and in patients with SLE, and the
unique features of TLR signalling in B cells, suggest that targeting TLR signalling in SLE might be

therapeutically beneficial.

The diagnosis of autoimmune diseases often relies
on the identification of characteristic autoantibody pro-
files, emphasizing their association with the activation
of autoreactive B cells. Furthermore, B cell depletion
therapy can have beneficial effects in patients with these
disorders', highlighting the importance of B cells in the
pathogenesis of autoimmune diseases. In autoimmune
diseases B cells have been regarded almost exclusively
for their role in autoantibody production, although we
now know that they also mediate deleterious functions
through antibody-independent activities, including:
the presentation of antigen to T cells, co-stimulatory
functions via the expression of accessory molecules
engaging stimulatory receptors on T cells and the pro-
duction of cytokines’. These findings highlight the
need to extend the repertoire of effector B cell subsets
studied with regard to autoimmune diseases beyond
antibody-secreting plasmablasts and plasma cells.
Identifying the signalling pathways controlling the
differentiation of effector B cell subsets might shed light
on the pathophysiological mechanisms at play during
autoimmune diseases. B cell activation is controlled by
four classes of receptors, namely B cell receptors (BCRs)
that bind autoantigens, cytokine receptors, receptors
implicated in cognate T cell-B cell interactions (includ-
ing checkpoint molecules), and innate immune receptors
including Toll-like receptors (TLRs). The implication of
TLRs in some autoimmune diseases is underlined by
their association with polymorphisms in TLR genes (for
example, TLR4 and TLR7)*>*. TLR signalling promotes

three key activities through which B cells can contribute
to autoimmune diseases: the production of antibodies,
the presentation of antigens to T cells and the pro-
duction of cytokines®”. The importance of both B cells
and TLRs in autoimmune diseases suggests a role for
intrinsic TLR signalling in B cells in these disorders.

In this Review we discuss how intrinsic TLR sig-
nalling controls the differentiation of effector B cells
during autoimmune diseases, with a particular focus
on systemic lupus erythematosus (SLE). First, we docu-
ment the importance of intrinsic TLR signalling in
B cells in the development of SLE. Second, we consider
the contribution of intrinsic TLR signalling to the gen-
eration of pathogenic effector B cell subsets. Third, we
highlight features of TLR signalling that are specific to
B cells, some of which regulate their anti-inflammatory
functions. Fourth, we discuss current therapeutic oppor-
tunities and perspectives for targeting TLR signalling in
autoimmune diseases.

TLR signalling in B cells drives SLE

TLR?7 predisposes humans to SLE. Genetic association
studies implicate TLR signalling in SLE*"’. In particu-
lar, polymorphisms resulting in increased expression of
TLR7 (the ligand for which is single-stranded RNA) are
associated with an increased risk of developing SLE''-"*.
TLR7 expression is higher in women than in men owing
to the localization of TLR7 on the X chromosome'*. One
X chromosome is normally inactivated in women; yet,
some genes on the X chromosome, including TLR7,
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Key points

e Intrinsic TLR7 and TLR9 signalling in B cells plays an important role in the
development and pathogenesis of systemic lupus erythematosus (SLE).

¢ In patients with SLE, effector plasma cells are generated via the extrafollicular
response and via the formation of spontaneous germinal centres.

® TLR7 plays key roles in the extrafollicular response and the response mediated by

germinal centres.

* Some plasma cells produce IL-10 and can have protective roles in lupus-like disease.

always seem to escape inactivation'’. As a result, TLR7
is biallelically expressed in plasmacytoid dendritic cells
(pDCs), monocytes and B cells, and TLR?7 is thus present
at a higher level in these cells in women than in men'.
In line with this finding, B cells from women exposed to
TLR?7 agonist in vitro differentiate more efficiently into
CD27" plasmablasts than B cells from men; this gender
difference is not observed upon the addition of agonists
of TLRY, the gene encoding which is on chromosome 3
(REF.'). This observation is consistent with a higher preva-
lence of SLE in women than in men'®. Further document-
ing how X chromosome number affects susceptibility to
SLE, the presence of two X chromosomes in men with
Klinefelter’s syndrome is associated with a higher predis-
position to SLE than in men with a single X chromosome'¢,
and women with a single X chromosome (for example,
those with Turner syndrome) are less prone to SLE than
women with two X chromosomes". A reduction in TLR7
activity might thus reduce the development of SLE. TLR7
expression is also modulated by metabolic parameters
(for example, it is increased by a high-fat diet, which
exacerbates SLE)", and by cytokines such as type I inter-
ferons, which augment the expression of TLR7 but not
TLRY in pDCs'®. It might thus also be possible to reduce
the symptoms of SLE by modulating TLR7 function.

TLR7 predisposes mice to lupus-like disease. TLR7
expression similarly modulates predisposition to lupus-
like disease in mice. Overexpression of TLR7 induces
systemic autoimmunity in mouse strains not prone to
lupus'®'?, and the deletion of Tlr7 reduces lupus devel-
opment in strains that spontaneously develop such
diseases?"*”. Genetic analysis of the cell types implicated
in this reduction underlined the importance of intrin-
sic TLR7 signalling in B cells in the pathogenesis of
lupus-like disease in mice”. Specifically, mice that are
genetically predisposed to lupus-like disease but have a
B cell-specific Tlr7 deletion displayed reduced disease,
lower levels of autoantibodies against RNA-associated
and apoptosis-related autoantigens and diminished
immune activity, as indicated by a lower number of ger-
minal centre B cells, T follicular helper (Tj,,) cells, macro-
phages and neutrophils, including in kidneys; kidneys in
these mice had no sign of glomerulonephritis, in contrast
to control mice, which were genetically predisposed to
lupus-like disease without deletion of TIr7 (REF*).

TLR8 and TLR9 protect mice from lupus-like disease. In
addition to TLR7, intracellular nucleic acids are detected
by TLR8, which also senses single-stranded RNA, and by
TLRY, which is a receptor for DNA sequences containing

unmethylated cytosine-phosphate-guanosine motifs*.

Different roles have been identified for these TLRs in
distinct models of lupus-like disease. In some models
both TLR8 and TLRY exerted protective effects’>*.
Specifically, TIr8-null mice and TIr9-null mice dis-
played more severe lupus than controls, with increased
deposition of immunoglobulins and more severe
lupus nephritis. These mice also displayed enhanced
immune activity and had more germinal centres and
antibody-secreting cells, as well as increased autoanti-
body titres, than controls®. Disease exacerbation was
abrogated when Tlr7 was also deleted from TIr8- or
TIr9-null mice, indicating that TLR8 and TLR9 might
limit the pathogenesis of lupus by limiting the delete-
rious effects of TLR7 (REF*). Indeed, TLR8 and TLR9
restricted TLR7 activity in dendritic cells and B cells
respectively’®”. As expected, disease in TIr8~ TIr97"~
double-knockout mice was worse than disease in mice
with a single gene defect, reflecting the additive effect of
these two abnormalities”. Of note, TLR8 does not always
act protectively in lupus-like disease in mice because it
facilitated the production of anti-RNA antibodies in the
absence of Tlr7 in a model of lupus-like disease in which
mice carry a transgenic autoreactive BCR*. The cell type
responsible for this TLR8-mediated effect was not for-
mally identified in this model, in which TLR7 was the
main TLR driving anti-RNA autoantibody production
by B cells and TLR9 acted protectively. There is thus
no direct evidence that TLR8 signalling can inhibit or
increase TLR7 activity in B cells; it might act in other
cell types, for instance in neutrophils to increase their
secretion of type I interferons™.

TLR7 and TLRY functionally interact in B cells.
Understanding the functional interaction between TLR7
and TLRY in B cells relies on understanding how these
TLRs are engaged. These TLRs are intracellular and as,
unlike dendritic cells, B cells do not internalize extra-
cellular material through micropinocytosis or endo-
cytosis, in B cells they are not directly accessible to natural
extracellular nucleic acids”. Instead, in B cells, the main
portal of antigen entry into cells is through the BCR,
which, after engagement, is internalized with the bound
antigen and delivered to intracellular compartments,
including late endosomes in which TLR7 and TLR9
are present”~’'. The arrival of BCR-antigen complexes
in late endosomes activates these TLRs and triggers the
co-stimulation of B cells®. This co-stimulation is crucial
for autoreactive B cell activation in mouse models of
lupus-like disease because deletion of Tlr7 or Tlr9 results
in the loss of autoantibodies against RNA- or DNA-
containing antigens respectively’*2. Thus, no pathway
appears to be able to compensate for the absence of Tlr7
or TIr9 in the development of lupus-like disease in mice.

Mechanisms of antagonism between TLR7 and TLR9
in B cells. Antagonism between TLR7 and TLRY can
occur within a single B cell if this B cell expresses a BCR
that recognizes autoantigens comprising both TLR7
and TLRY agonists. In this scenario, it was found that
TLRY engagement restrained the differentiation of
B cells instructed by TLRY7 in vitro®. In fact, B cells did
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not differentiate into CD138" antibody-secreting cells
unless T1r9 was deleted or TLR9 was pharmacologically
inhibited upon antigen stimulation®. In agreement with
this observation, antigens engaging both BCR and TLR7
(but not TLR9) could induce antigen-specific B cell
differentiation into CD138" antibody-secreting cells;
this differentiation was not observed for antigens
co-engaging the BCR and TLRY, or with synthetic ago-
nists of TLR7 or TLRY that did not trigger the BCR*.
Although these in vitro findings do not perfectly recapit-
ulate what is happening in vivo (where the engagement
of TLRY in B cells contributes positively to the produc-
tion of anti-DNA autoantibodies”), they underline
functional differences between TLR7 and TLR9 during
B cell activation, and the unique response induced upon

TLR7-mediated promotion of SLE development

co-engagement of BCR and TLR? that is likely relevant
to the development of lupus in mice. In keeping with a
role for TLR7 in the development of lupus, TLR7 sig-
nalling (but not TLR9, TLR2, TLR3 or TLR4 signalling)
is strictly required for the formation of spontaneous
germinal centres in vivo in mice™.

The antagonistic interaction between TLR7 and TLR9
within one B cell is underscored by the competition
of these TLRs for the intracellular protein UNC93B1,
which promotes their trafficking to endosomal
compartments®® (FIG. 1). Different amino acids within
UNC93B1 bind to TLR7 and TLR9, and UNC93B1
harbouring a N-terminal D34A mutation interacts nor-
mally with TLR9 but more strongly with TLR7 than wild
type UNC93B1; enhanced UNC93B1-TLR7 binding
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Fig. 1| Opposing roles of TLR7 and TLR9 in SLE. Systemic lupus erythematosus (SLE)

is characterized by the presence of autoreactive B cells that recognize DNA-associated
antigens (such as unmethylated cytosine-phosphate-guanosine (CpG) motifs) and RNA-
associated antigens (such as the single-stranded RNA (ssRNA) small nuclear RNA, U11).
These self-antigens are thought to be released owing to dysregulated processes that
increase the abundance of neutrophil extracellular traps (NETs), necrotic cells or
apoptotic cells. These autoantigens can be recognized at the surface of B cells by the

B cell receptor (BCR), which initiates their cellular internalization. Once in endosomes,
self-antigens can trigger Toll-like receptor 7 (TLR7) and/or TLR9 in B cells. Genetic or
environmental signals leading to the overexpression of TLR7 (such as gender, diet and the
cytokine environment, including the level of type | interferons) increase the susceptibility
of individuals to SLE. Under physiological conditions, TLR7 signalling is restrained by TLR9,
which protects individuals from the development of SLE. By contrast, the disruption of
TLR9 function can favour TLR7 signalling and facilitate the development of SLE. Such
disruption can involve the intracellular protein UNC93B1, which drives TLR7 and TLR9
trafficking to endosomal compartments (a). D34A mutation in transmembrane UNC93B1
favours its interaction with TLR7 (b), which can raise the abundance of TLR7 in endosomes,
intensify TLR7 signalling and initiate a fatal systemic inflammatory syndrome in an
experimental model. ER, endoplasmic reticulum.

increases the export of TLR7 from the endoplasmic
reticulum to the endosomal compartment, favouring
TLR?7 signalling over TLR9 signalling. Mice carrying this
mutation in Unc93b1 develop a fatal systemic inflamma-
tory syndrome®. In the endolysosomal compartment,
the duration of TLR7 signalling is controlled by the
interaction of UNC93B1 with Syntenin-1 (also known
as syndecan-binding protein (SDCBP)), which can
terminate transmembrane receptor signalling by pro-
moting their transport to intralumenal vesicles of multi-
vesicular bodies”. Mice with a mutation in Unc93b1
that negatively affects the interaction of UNC93B1 with
Syntenin-1 develop a systemic inflammatory disease
similar to TLR7-overexpressing mice”. These findings
underscore the importance of intracellular TLR?7 traffick-
ing in regulating TLR7 signalling. These processes can be
altered via naturally occurring mutations; for instance,
dogs with a mutation in the C-terminal domain of
UNC93B1 that reduces the interaction of UNC93B1 with
Syntenin-1 spontaneously develop cutaneous lupus®.
TLR7 and TLR9 signalling in B cells might also exert
opposite effects on SLE via cell-extrinsic mechanisms
that condition the immune environment. Little is known
about such possible cell-extrinsic effects of B cells in SLE,
which might involve B cell-mediated production of
cytokines (such as IL-10) that can increase protection
against autoimmune diseases including SLE (see below).

Understanding TLR autoantigens in SLE. A complete
understanding of the role of these TLRs (TLR7, TLR8
and TLRY) in SLE pathogenesis requires the source and
biochemical properties of the relevant autoantigens to
be elucidated. Extracellular nucleic acids are involved in
SLE pathogenesis, and mutations in DNASEI (encod-
ing deoxyribonuclease-1) have been associated with the
development of SLE in humans and lupus-like disease in
mice**. These self-antigens are thought to be released
owing to dysregulated cellular processes resulting in an
increase in abundance of neutrophil extracellular traps,
necrotic cells or apoptotic cells (FIC. 1). Many intracellu-
lar autoantigens are redistributed from intracellular sites
to the plasma membrane during apoptosis’, and the
impaired clearance of apoptotic cells has been associated

with SLE pathogenesis*’. The small nuclear RNA U11 is
also an endogenous agonist of TLR7 that drives immune
pathogenesis®. Thus, abundantly available nucleic acids
in patients with SLE contribute to active and chronic
disease, likely by triggering persistent T cell-dependent
and T cell-independent B cell activation. Autoreactive
lymphocytes might also be activated through ‘epitope
mimicry’ with the microbiota, as documented for auto-
reactive T cells targeting the SLE autoantigen Ro60
(a protein element of small cytoplasmic ribonucleopro-
tein hY-RNA complexes) from the host and microbiota*.
Furthermore, rearrangements of the heavy-chain variable
(VH) gene VH4-34, which are preferentially employed
in autoimmunity, especially the idiotype 9G4 (a parti-
cular group of VH4-34-containing antibodies*) in SLE*,
which contributes to the autoantibody repertoire against
RNA and dsDNAY, cross-react with the gut microbiota®.
Notably, impaired B cell selection of 9G4* B cells has been
observed in various autoimmune conditions including
SLE*. Identifying where, when and how these TLR
antigens drive effector B cell differentiation will provide
important insights into the pathophysiology of SLE.

Effector B cell subsets driven by TLR7

SLE is associated with alterations in B cell homeostasis.
Disease flares are marked by expansions in plasmablasts
that are discernible in blood and correlate in magnitude
with disease exacerbation®. These antibody-secreting
cells have a more diverse repertoire of BCRs than
antibody-secreting cells generated after vaccination with
tetanus or influenza® and contain cells of irrelevant anti-
gen specificity, with up to 1% of IgG-antibody-secreting
cells producing antibodies against influenza virus or
tetanus toxin®*'. Antibody-secreting cells in these waves
also contain few expanded clones that are autoreac-
tive, indicating the presence of an autoantigen-specific
response and of cells activated in a bystander manner*>'.

Differentiation of antibody-secreting B cells. The trajec-
tory of effector B cell subsets leading to these antibody-
secreting cells was reconstructed by combining the
phenotyping of the peripheral blood B cell compartment
by flow cytometry with analysis of the immunoglobulin
gene repertoire. This reconstruction identified activated
naive B cells (CD11c'IgD*CD27-CD21"MTG*CD23")
and the DN2 subset of IgD"CD27 double negative
B cells (DN2 B cells; IgD"CD27-CD11c¢*T-Bet*CD69*
CD21-CD24 CD38 CXCR5FCRL4"FCRL5%)%, both
of which are abundant in patients with SLE but rare
in healthy individuals, as having a role in the produc-
tion of antibody-secreting cells. Activated naive B cells
have been considered to be the precursors of DN2
B cells, which are prone to differentiating into antibody-
secreting cells”. Interestingly, activated naive B cells and
DN2 B cells have a similar transcriptional profile, which
differs by the expression of only 42 genes®>*. The tran-
scriptome of DN2 B cells is consistent with their status
as precursors to antibody-secreting cells: they express
higher levels of BLIMP-1 and IRF4, master transcription
factors of plasmablast and plasma cell differentiation™,
as well as of SLAMF7, which is encoded by an IRF4
target gene and also found at higher levels in plasma
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cells than in other B cell subsets®”. Furthermore, they
express less ETS1, a transcription factor that inhibits
antibody-secreting cell formation, than other B cell
subsets™. As expected based on these observations, DN2
B cells rapidly secrete antibodies after polyclonal stimu-
lation, including anti-Smith and anti-ribonucleoprotein
(RNP), indicating that they express autoreactive BCRs
that recognize RNA-associated autoantigens. Supporting
the notion that these cells play a notable role in the
production of such antibodies, the frequency of DN2
B cells correlates with the levels of anti-Smith and
anti-RNP autoantibodies, the two RNA-associated
antigens investigated in this study, in patients with
SLE*. Furthermore, accumulation of CD11c*T-Bet*
CD21°CD38" B cells resembling DN2 B cells, which
were autoreactive and correlated with clinical manifes-
tations, was similarly reported in a different cohort of
patients with SLE>.

Roles of TLR7 in B cell differentiation. TLR7 can instruct
successive steps in the differentiation of resting naive
B cells to activated naive B cells, DN2 B cells and, sub-
sequently, to antibody-secreting cells, which defines a
pathway of extrafollicular B cell differentiation®. TLR7
has a stimulatory activity in all of these effector B cell
subsets and can promote the differentiation of DN2
B cells, which are hyperresponsive to TLR7 agonists,
into antibody-secreting cells in the presence of IL-21
and IFNy™. By contrast, DN2 B cells are less respon-
sive to CD40 engagement than activated naive B cells™,
indicating a change in the responsiveness of B cells to
external stimuli during differentiation, perhaps owing
to a progressive reduction in the expression of TRAF5, a
factor that is required for CD40 signalling and inhibitory
for TLR signalling™.

The role of TLR7 in the differentiation of effector
B cells in patients with SLE has been further documented
through molecular studies in an in vitro culture system
that generates DN2-like B cells with a transcriptome simi-
lar to that of DN2 B cells from patients with SLE*®. This
culture system relies on the stimulation of naive human
B cells with agonists of TLR7 and BCR as well as IFNy,
IL-2, IL-21 and B cell activating factor, and generates
IgDCD27-CD11c*T-Bet"CD21-CXCR5 IRF4"FcRL5*
B cells resembling DN2 B cells found in patients with
SLE*®. TLR7 signalling was crucial for the subsequent
differentiation of these cells into antibody-secreting
cells®. The sensitivity of B cells to TLR7 agonists is aug-
mented by IFNy, which confers them with the capacity
to respond productively to amounts of TLR7 agonist that
are otherwise insufficient™. Of note, the concentration
of IFNYy is increased in the serum of some patients with
SLE®*. By contrast, B cells from patients with SLE are
hyporesponsive to TLR9 agonists®-*, suggesting that
the balance between these two opposing TLR signalling
pathways is distorted in patients with SLE.

TLR?7 also plays a key role in the differentiation of
naive B cells into CD11¢*T-Bet*CD21- B cells (which
would comprise activated naive and DN2 B cells in
humans) in animal models of lupus, because these cells
are absent in mice when TIr7 is deleted®®. Furthermore,
the repeated administration of TLR7 agonists (but not

of TLR3, TLR4 or TLRY agonists) promotes the accu-
mulation of these cells in mice via a mechanism involv-
ing intrinsic TLR7 signalling in B cells®. Remarkably,
mice with B cell-specific deletion of Tlr9 display a higher
number of CD11¢*CD11b* activated B cells than their
counterpart with functional TIr9, underlining the cor-
relation between the abundance of these cells and the
development of lupus-like disease and providing another
example of the opposing roles of TLR7 and TLR9 (REF>).
Of note, TLR7 also facilitates the formation of sponta-
neous germinal centres in mice which, in addition to
the extrafollicular plasma cell response involving DN2
B cells, can lead to autoantibody production in patients
with SLE® (FIC. 2). As in patients with SLE, IFNYy is also
important for the pathogenic functions of B cells in ani-
mal models of lupus, underlining the conserved role of
these pathways in this disease across species® .

In conclusion, and as previously discussed*suggests
that two pathways of B cell activation lead to the forma-
tion of autoreactive antibody-secreting cells in patients
with SLE: the extrafollicular response (supported by
activated naive B cells and DN2 B cells) and germinal
centre reactions”’. Remarkably, intrinsic TLR7 signalling
in B cells has emerged as a key player in both responses
(FIC. 2). These findings provide a framework in which
to carry out the biochemical analyses of the molecular
mechanisms implicated in these cellular processes.
Interestingly, these pathways are not uniquely confined
to autoimmunity as they have been reported to be active
in patients with COVID-19 (REF"").

Mechanisms of TLR signalling in B cells

B cells uniquely respond to TLR agonists. B cells are
defined by the expression of a cell surface BCR and,
as they also express multiple TLRs, these cells are thus
at the intersection of adaptive and innate immunity.
Intrinsic innate signalling in B cells is essential for the
development of lupus-like disease in mice, as lupus
nephritis was absent in mice with a B cell-type specific
ablation of Myd88 (Myd88 encodes the signalling adap-
tor protein MyD88, which acts downstream of TLRs
and IL-1 receptors)”'~”°. The response of B cells to TLR
agonists is unique compared with other cell types of
the immune system. B cells proliferate intensively and
produce large amounts of IL-10 upon TLR stimulation,
a combination not observed in myeloid cells’. Underlining
the complex role of intrinsic TLR signalling in B cells
during disease, B cell-derived IL-10 can be protective
in autoimmune diseases’, including in mouse models
of lupus-like disease’. Thus, in mice deficient in Lyn,
which encodes a non-receptor tyrosine-protein kinase
that regulates innate and adaptive immune responses,
IL-10 production by B cells inhibits the progression of
lupus-like disease even when no other cell types can
produce this cytokine”.

Interplay between TLR signalling and BCR signalling.
These unique features of TLR-driven cellular activa-
tion are related to the distinctive expression of BCR
on B cells; B cells in which BCR has been genetically
ablated fail to proliferate upon TLR stimulation’®”".
At the intracellular level, TLR-stimulated B cell
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Fig. 2 | TLRs drive plasma cell differentiation in SLE via different pathways. Two distinct pathways generate pathogenic
antibody-secreting cells in patients with systemic lupus erythematosus (SLE): germinal centre reactions and the extra-
follicular pathway, both of which engage resting naive B cells. The germinal centre pathway generates the DN1 subset

of double negative B cells (DN1 B cells; that is, gD~ CD27- cells that are CXCR5*) and the memory B cells produced in
germinal centres can re-enter the germinal centre reaction or differentiate into antibody-secreting cells that produce iso-
type switched anti-Smith and anti-RNP. The spontaneous generation of the germinal centre is dependent on TLR7. TLR7
also drives the extrafollicular pathway, in which resting naive B cells become activated naive B cells (CD11c*IgD*CD27-
CD21-MTG*CD23") and, subsequently, the DN2 subset of IgD~ CD27- double-negative B cells (DN2 B cells; IgD- CD27-
CD11c* Tbet* CD69*CD21-CD24-CD38 CXCR5"FCRL4"FCRL5*). DN2 B cells are precursors of pathogenic antibody-
secreting cells in patients with SLE, the differentiation into which is promoted by TLR7, IL-21 and IFNy. Of note, resting
naive B cells can also generate, in a manner dependent on the B cell receptor (BCR), regulatory plasma cells that are
characterized by the cell surface expression of lymphocyte activation gene 3 protein (LAG-3). These regulatory plasma cells
produce a uniquely high level of IL-10 in response to TLR signalling. At steady state, they also secrete IgM with reactivity
against antigens expressed by damaged cells, suggesting that they might be involved in the clearance of damaged cells.
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proliferation involves the adaptor protein Src tyrosine
kinase SYK, which promotes BCR signalling by phos-
phorylating immunoreceptor tyrosine-based activation
motifs in the cytoplasmic domains of the Iga and Igp
substructures of the BCR™”. Thus, Syk-deficient B cells
show impaired proliferation and IL-10 secretion upon
activation with TLR agonists’. This fact is related to the
defective activation of AKT and ERK in the absence of
SYK. Remarkably, this TLR-SYK-AKT-ERK pathway
is independent of MyD88 as it is still active in Myd88-
deficient mice’. Finally, PI3K also has a key role in this
pathway as over-expression of this kinase restored a pro-
liferative response in BCR-deficient B cells stimulated
with TLR agonists”.

The recruitment of the BCR signalling cascade down-
stream of TLR engagement in B cells underscores the
interconnection between the innate and cognate func-
tions of these cells. Along these lines, the engagement of
the BCR upregulates TLR expression in human B cells,
endowing these cells with the capacity to respond to TLR
agonists>®. In this context, genome-wide association
studies identified the BCR signalling pathway as the bio-
logical process most affected by genetic polymorphisms
facilitating the development of SLE®'. These polymor-
phisms might not only facilitate BCR signalling but also
increase TLR signalling in B cells, which might enable
the growth of autoreactive B cell clones and the release
of cytokines by them. Interestingly, the two B cell subsets
with the highest capacity to produce IL-10 upon TLR
stimulation in the mouse, namely LAG-3*CD138" natu-
ral regulatory plasma cells and CD1d" B cells, develop in
a BCR-dependent manner®® (FIG. 2).

TLR signalling also comprises a SYK-independent
pathway because the activation of NF-kB and the secre-
tion of IL-6 (events downstream of TLR signalling)
occurred normally in Syk-deficient B cells stimulated via
TLR’. IL-6 production by B cells is directly relevant to
the pathogenesis of SLE, as IL-6 expression is increased
in patients with active SLE** and correlates with disease
activity in patients with lupus nephritis®. IL-6 expression
can be induced in B cells by TLR7 agonists**¥, and this
expression is further enhanced by IFNy*. Remarkably,
the ablation of IL-6 production specifically from B cells
abrogated the spontaneous formation of germinal
centres in lupus-prone mice and inhibited disease
development™®. Thus, elimination of the arm of intrinsic
TLR signalling in B cells that results in IL-6 production,
which seems to be independent of SYK, might be more
beneficial in patients with SLE.

From a therapeutic standpoint, the fact that BCR sig-
nalling adaptors such as SYK have been implicated in
TLR-mediated cell function suggests that inhibitors of
BCR signalling might block the TLR-driven functions
of B cells. Accordingly, the SYK inhibitor entospletinib
reduced human B cell responses to TLR9 agonist”,and SYK
expression was increased in activated CD21"¥ B cells®.

Targeting TLR signalling to treat SLE

Inhibiting signalling adaptors. There is much interest
in inhibiting signalling adaptors implicated in the pro-
inflammatory functions of TLRs to treat inflamma-
tory diseases. Although TLRs are prototypic pathogen

recognition receptors, humans with loss of function
mutations in MYD88, which transduces signals via all
TLRs except TLR3, display a narrow susceptibility to
pyogenic bacterial infections by Streptococcus pneumo-
niae, Staphylococcus aureus and Pseudomonas aerug-
inosa, but are resistant to other common microbial
pathogens’’. Remarkably, their susceptibility to these
pathogens decreases with age. Similarly, children with
a deficiency in IRAK4 (which encodes IL-1 receptor-
associated kinase 4, a component of the TLR signal-
ling pathways important for TLR7 and TLRY, as well
as other TLRs) display an increased susceptibility to
pyogenic bacterial infections during their first 10 years
of life, which improves with age®”. The improvement of
pathogen control in both of these groups of individu-
als is likely related to the emergence of compensatory
adaptive mechanisms involving T lymphocytes or
B lymphocytes®. The inhibition of key molecules of
the TLR signalling pathway, such as MYD88 or IRAK4,
might thus allow inflammation to be tapered without
compromising host defence against pathogens.

Inhibiting TLR activation in endosomes. The inhibition
of endosomal TLR activation appears to be the most
pertinent for treating patients with SLE. Existing treat-
ments already target this pathway; notably, hydroxychlo-
roquine and bafilomycin inhibit endosome acidification
and/or maturation, thereby inhibiting both TLR7 and
TLR9 signalling”. Hydroxychloroquine only moderately
inhibits TLR signalling, and does not result in a surge
of infection, consistent with the concept that TLR inhi-
bition modulates, rather than suppresses, the immune
system™. It inhibits the inflammatory response of human
memory B cells, including their TLR-stimulated produc-
tion of IL-6 (REF”). Several other inhibitors of endosomal
TLRs are under clinical evaluation for use in rheumatic
diseases, including SLE and psoriasis, that also involve
TLR?7 signalling. TLR7, TLR8 and TLR9 signal through
IRAK4, the inhibition of which has been studied in
various assays and showed superior effects compared
with hydroxychloroquine on the inhibition of cytokine
production and inflammatory gene expression in peri-
pheral blood mononuclear cells”. An early trial using
the IRAK4 inhibitor PF06650833 provided promising
phase I data in healthy individuals, showing a favourable
safety and pharmacokinetic profile as well as evidence of
pharmacological effect”. Additional inhibitors of IRAK1
and IRAK4 or of TAK]1, a signalling molecule involved
in TLR signalling, are under development”. Of note,
these approaches do not differentiate between different
endosomal TLRs” and they affect multiple cell types in
addition to B cells. The safety of these inhibitors thus
needs to be considered carefully.

Boosting TLR signalling. Although the dominant ration-
ale for targeting TLRs to treat autoimmune diseases is to
inhibit TLR signalling, the data outlined above indicate
that some TLR signalling is protective in inflammatory
diseases, including in lupus-like disease; thus, boosting
TLR signalling to strengthen its regulatory function
might be an alternative treatment strategy. Indeed, there
is already some insight into the use of TLR agonists in
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Table 1| TLR modulators in clinical development for inflammatory diseases

TLR target Compound Target disease Mechanism of action Development phase (NCT number) Refs
TLR7 Imiquimod Actinic keratosis Immune-stimulator Phase | (NCT01151956); phase IV LStz
(NCT00777127,NCT01453179)
GSK2245035 Rhinitis Induces type | IFN; Phase Il (NCT01788813,NCT02446613,  '*'*
immune-stimulator NCT01607372); phase | (NCT01480271)
Asthma Induces type | IFN; Phase Il (NCT03707678); phase I/Il D
immune-stimulator (NCT02833974)
TLR9 CYT003-QbG10 Asthma InducesaT,1 cell-mediated Phase Il (NCT02087644, NCT00890734) "'
immune response
AZD1419 Asthma Induces T, 1-type IFN Phase Il (NCT02898662) T
response
Hydroxychloroquine  Sjégren’s syndrome Immune modulator Phase Il (NCT00632866, NCT01601028) '
IRAK4 ND-2158 Rodent models of: Small molecule inhibitors Preclinical L
lipopolysaccharide-induced  of inflammatory pathways
TNF production; collagen-
induced arthritis; gout;
activated B cell like-diffuse
large B cell lymphoma; chronic
lymphocytic leukaemia
BMS-986126 Systemic lupus Inhibitor Preclinical 1
erythematosus
PF-06650833 Rheumatic autoimmune Inhibitor Phase | (NCT02224651, NCT02485769); £
diseases phase I (NCT02996500)
BAY1834845 Psoriasis; pelvic inflammatory ~ Small-molecule inhibitor Phase | (NCT03493269, NCT03054402) 125
disease
IRAK1, IRAK4  HS-243 Autoimmune diseases Inhibitor Preclinical %

and TAK1

IRAK-, IL-1 receptor-associated kinase; TAK1, transforming growth factor-B-activated kinase 1; T 1, T helper 1; TLR, Toll-like receptor.

the clinic, which shows the feasibility and safety of such
approaches. Cancer therapy has undertaken approaches
to target TLRs with FDA-approved agonists, including:
the locally administered Bacillus Calmette-Guérin vac-
cine (comprising live attenuated Mycobacterium bovis)
for bladder cancer, which can stimulate TLR2 and TLR4
(microbial cell wall) and TLR9 (bacterial DNA); topical
imiquimod for pre-malignant actinic keratosis, which
targets TLR7 in basal cell carcinoma; and monophospho-
ryllipid A, which is a bioactive part of a lipopolysaccha-
ride targeting TLR4 in human papillomavirus-associated
cervical cancer'”. Further TLR agonists and antagonists
are in clinical development for cancer. In this context,
TLR agonists are expected to facilitate programmed
cell death and enhance immune surveillance'”’. TLR
antagonists are used to limit the TLR-driven growth of
tumour cells and it should be considered if some
of these strategies could be beneficial in autoimmune
diseases.

Conclusions

There is increasing evidence that TLR7 has an important
role in SLE pathogenesis, with functions conserved in
humans and in mice. TLR7 is critical for the extrafolli-
cular and germinal centre responses associated with the
activation of autoreactive B cells that is implicated in this
disorder. Genetic studies have shown that TLR7 signal-
ling in B cells is particularly important in orchestrating
disease. It is remarkable that the different endosomal
TLRs that act as nucleic acid sensors, namely TLR7,

TLR8 and TLRY, have distinct roles in patients with SLE.
In fact, TLR8 and TLR9 might even have beneficial func-
tions in patients with SLE. Uncovering the biochemis-
try of these molecular processes is thus important and
might lead to the identification of novel targets for drug
development.

The ability of TLR signalling to activate and inhibit
immune signalling, which is not completely under-
stood, suggests that several strategies could target this
pathway to treat disease. Although current clinical
developments for targeting TLR signalling are still
limited compared with treatments for other biological
targets'>'”?, a number of molecules are currently in devel-
opment for targeting TLR signalling in inflammatory
diseases'** (TABLE 1). It will be of great interest to follow
their clinical development and possible application.
Beyond the currently developed approaches, it will
also be of interest to identify strategies to rebalance the
TLR7 and TLR9 pathways and thus readjust immune
homeostasis. It is possible that B cell depletion therapy
could reset these pathways by replacing B cells in which
this dysregulation might be epigenetically imprinted by
novel naive B cells. By contrast, this defect might persist
in B cells, including memory B cells that have resisted
depletion, thus favouring the restart of disease. Finally,
it is important to consider that the inhibition of BCR
signalling might interrupt some functions of TLR sig-
nalling in B cells’. This interruption might be pertinent
for the use of the SYK inhibitor fostamatinib, which is
approved for treating the autoimmune disease chronic
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immune thrombocytopenia, a disease in which the role
of intrinsic TLR signalling in B cells is not defined'®.

It remains incompletely understood why TLR7 might
be deleterious and TLR9 might be protective in SLE,
although it is possible that this phenomenon is related to
the distinct types of autoantigens that these TLRs recog-
nize. Some immune complexes containing RNP induced
TLR7-mediated production of TNF by macrophages
and type I IFN by pDCs'*'”". However, it is unclear if
immune complexes containing TLR9 agonists have simi-
lar immunological properties to those containing TLR7
agonists as there has been no systematic comparison of
the myeloid cell response to immune complexes associ-
ated with RNA (and thus TLR7) versus DNA (and thus
TLR9) moieties. There is also some evidence that TLR7
and TLR9 signalling might have opposing roles in SLE

given that they distinctively impact B cell activation and
differentiation, as mentioned above**. However, the rele-
vance of this difference in patients with SLE has not been
tested experimentally. Of note, we still have a limited
knowledge of the differences in signalling and cellular
responses driven by distinct TLRs; these differences
might be a fruitful area for future drug development,
especially considering that TLR signalling in B cells can
have potent anti-inflammatory functions by eliciting
the production of IL-10. The distinct molecular mecha-
nisms associated with the control of immunity, including
B cell responses, by TLRs thus seems directly relevant
for the development of novel therapeutic strategies for
autoimmune diseases.
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Axial spondyloarthritis: concept,
construct, classification and
implications for therapy
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Abstract | The axial spondyloarthritis (axSpA) disease concept has undergone substantial change
from when the entity ankylosing spondylitis was defined by the modified New York criteria in 1984.
Developments in imaging, therapy and genetics have all contributed to changing the concept

of axSpA from one of erosions in the sacroiliac joints to a spectrum of disease with and without
changes evident on plain radiographs. Changes to the previously held concept and construct of
the disease have also necessitated new classification criteria. The use of MRI, primarily of the
sacroiliac joints, has substantially altered the diagnosis and differential diagnosis of axSpA.

Many in the axSpA community believe that the current classification criteria lack specificity, and
the CLASSIC study is underway to examine this area. Although much about the evolving axSpA
disease concept is universally agreed, there remains disagreement about operationalizing aspects
of it, such as the requirement for the objective demonstration of axial inflammation for the
classification of axSpA. New imaging technologies, biomarkers and genetics data will probably
necessitate ongoing revision of axSpA classification criteria. Advances in our knowledge of the
biology of axSpA will settle some differences in opinion as to how the disease concept is applied

to the classification and diagnosis of patients.

Axial spondyloarthritis (axSpA) is a disease commonly
encountered in the field of rheumatology. The concept
of axSpA — that is, the idea of what it is (BOX 1) — is
the result of the recognition of the early phases of the
disease historically termed ankylosing spondylitis (AS).
Historically, in the era of the modified New York criteria,
sacroiliac damage had to be evident on plain radiographs
to fulfil the criteria for AS'. MRI, however, has since
opened our eyes to an expanded disease spectrum. The
recognition that inflammation is present in the spine
and sacroiliac joints prior to the development of ero-
sions revealed an earlier phase of axSpA in an objective
way that was not possible previously. The construct of
the disease, a type of operational definition, has thus had
to evolve to include this expanded spectrum, as illus-
trated in FIC. 1. This new construct in turn led to the
development of new classification criteria for axSpA to
enable investigation of this neglected early part of the
disease spectrum in a reproducible way. The process of
constructing classification criteria highlighted the differ-
ing views of academics and clinicians around the world
about what constitutes the construct of axSpA.

Despite some disagreement, there is much about
the axSpA construct that is universally accepted. First, the

concept of non-radiographic axSpA (nr-axSpA) has been
introduced to complement the widely known and recog-
nized disease entity AS. axSpA is now recognized as an
umbrella term that encompasses both AS and nr-axSpA
and a continuum from early or mild to late or severe dis-
ease. Information from imaging studies, primarily using
MRYI, is helping to characterize the range of changes seen
in the axial skeleton in health and disease, as only in
understanding the full spectrum of manifestations can
we understand where ‘normal’ stops and ‘disease’ starts.
In addition, in many areas in science and medicine we
learn so much about the fundamentals of a phenomenon
when the ability to influence it becomes available, as with
new therapies. In this way, how axSpA responds to treat-
ment and what this response means about its underlying
biology has given fruitful insights into what the disease is
and what it is not. This Review examines the theoretical
basis for axSpA, the concept and the construct, and the
resultant classification criteria that have been proposed.
In addition, we discuss some of the issues identified in
diagnosing and classifying axSpA, and further explore
the nature of axSpA in the context of theories such as the
philosophical concept of ‘natural kinds’ and latent class
analysis of SpA. Fundamentally redefining a disease is
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Key points

* The concept of axial spondyloarthritis (axSpA) has expanded from ankylosing
spondylitis with evidence of erosions to a spectrum of disease encompassing
non-radiographic axSpA and radiographic axSpA.

* The current classification criteria capture the entire spectrum of axSpA, but many
in the field believe they lack specificity; the CLASSIC study is underway to further

assess this issue.

* The concept of axSpA is largely agreed upon in the research community, but opinion
still diverges about some aspects, for example, the demonstration of objective axial
inflammation for axSpA classification.

The current definition of a positive sacroiliac joint MRI scan lacks specificity for

axSpA, as demonstrated in imaging studies of individuals with and without back pain

and post-partum women.

Concepts such as the theory of natural kinds and latent class analysis enable us to

further examine the crucial features of the axSpA concept, with sacroiliitis being the

core feature.

Advances in our understanding of the biology of axSpA via novel imaging, genetic

and biomarker studies will probably enable the resolution of many current issues in
axSpA diagnosis and classification.

not a common occurrence, and in this Review we also
explore how this considerable change has affected the
recognition of axSpA in the clinic, the use of imaging
and access to therapies. We conclude by discussing
unanswered questions and potentially fruitful areas of
further research.

Spondyloarthritis and axSpA

The SpA umbrella. Any discussion of axSpA must start
with reviewing the overarching concept of spondylo-
arthritis (SpA) as a whole. SpA as a disease label has been
applied to presentations of disease that include a wide
range of individual elements? (FIC. 2). These elements
include spinal inflammatory disease, with the patho-
logical feature being a polyenthesitis of the vertebral
column. In addition, peripheral inflammatory arthritis,
peripheral enthesitis (for example, Achilles tendonitis),

Box 1| axSpA disease construct, concept, classification and diagnosis?®:%2%!

Concept: a concept is an abstract idea, and can extend to include both known
examples and unknown examples. The idea may or may not refer to something that
exists in the real world. An example of a concept in the field of axial spondyloarthritis
(axSpA) might be the presence of axSpA in the absence of objective signs such as
elevated C-reactive protein or sacroiliac joint inflammation on MRI; this concept is
an abstract idea that may or may not exist.

Construct: a construct is an abstract idea that contains conceptual elements.
Constructs are more specific and less abstract than concepts. Constructs encompass
actual cases, whereas concepts extend over both actual and possible cases. axSpA

is itself a construct, which includes conceptual elements such as sacroiliac joint
inflammation, spinal inflammation and associated features such as anterior uveitis.

Classification criteria: classification criteria provide a standardized definition of

a disease to enable the identification of a homogeneous group of cases for research
purposes. A set of classification criteria does not capture the whole spectrum of
manifestations of a disease, but should be highly specific in order to minimize false-
positive errors. An example in axSpA is the 2009 Assessment of SpondyloArthritis
International Society (ASAS) classification criteria for axSpA*°.

Diagnostic criteria: diagnostic criteria are a set of signs, symptoms and tests for use in
ordinary clinical practice to guide the care of individual patients. They should have near
perfect positive and negative predictive value (which is rare). No diagnostic criteria

exist for axSpA or SpA.

dactylitis, anterior uveitis, skin psoriasis, non-specific
urethritis, conjunctivitis, aortitis and inflammatory
bowel disease (IBD) are also recognizable elements
that make up the constellation of features recognized
as SpA. These features often, but not always, mani-
fest in loosely defined groups, which historically have
then attracted their own (sub)labels, including AS,
psoriatic arthritis (PsA), enteropathic arthritis (IBD-
associated arthritis) and reactive arthritis (formally
referred to as Reiter syndrome’). The term ‘undifferen-
tiated SpA’ has also been used when the constellation
of features is more recognizable as SpA than as another
entity, such as rheumatoid arthritis, but does not fall
within one of the loosely defined (sub)groups, such as
PsA**. Atleast initially, Behget disease was also included
in the schema of SpA owing to descriptions of poly-
arthritis, sacroiliitis and seronegativity in series of patients
with Behget disease®; however, this classification has
not been widely adopted and genetic association studies
have failed to find important shared genetic factors®*.
Historically, vital motivation for devising the SpA con-
cept was to distinguish PsA from rheumatoid arthritis
with coincident psoriasis by the absence of rheumatoid
factor, which generated the terms ‘seronegative arthritis’
and ‘seronegative SpA”.

However, one of the challenges of this historical (sub)
grouping approach has been that patients with similar
clinical features can fall into different groups because of
a marked overlap of clinical features between the entities.
However, some distinct clinical presentations exist that
support a ‘splitting” approach'®'". For example, dactyli-
tis is more closely associated with PsA than with other
forms of SpA, and urethritis and conjunctivitis are more
closely associated with reactive arthritis. The problems
inherent in lumping all spondyloarthropathies together
as SpA or splitting SpA into subgroups such as PsA and
AS has led to a movement to instead describe (or at least
classify) SpA as either axSpA or peripheral SpA (pSpA).
This phenotypic approach has some appeal because sim-
ilar presentations attract the same label. For instance,
PsA and enteropathic arthritis, which both manifest as
lower limb inflammatory oligoarthritis, would both be
referred to as peripheral SpA. As another example, AS
and PsA with predominantly axial involvement would
both be referred to as axSpA. However, this schema
does not address the issue of which descriptor to use
when patients have features that fit with both. Therefore,
axSpA sits as a phenotypic description of a member of
the SpA group with axial involvement. The best way in
which to subdivide SpA remains unclear; some aspects
of subdivision have demonstrable value but myriad
issues arise when subdivision is attempted.

The concept and construct of axSpA. As explained in
BOX 1, generally speaking, concepts are ideas that may
or may not be solely theoretical, whereas constructs
are built-up, operational structures that apply to real
instances. The concept of axSpA is universally accepted
in rheumatology, as evidenced by its inclusion in aca-
demic papers, textbooks and as a topic at clinical and
academic meetings'>"”. Also, doctors seeing patients
with the constellation of symptoms that has come to be
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Fig. 1| The spectrum of axial spondyloarthritis. In this illustration, the spectrum of
axial spondyloarthritis (axSpA) is shown extending from early (or mild) disease, involving
only inflammation in the sacroiliac joints, through to severe (or late) disease with erosive
damage in the sacroiliac joints. This schematic is not meant to imply that early and

mild disease, or late and severe disease, are synonymous, only that a similar spectrum
concept exists.

known as axSpA is a universal experience. Although this
manuscript is concerned with the concept and construct
of axSpA, from an operational point of view axSpA is
viewed as an inflammatory disorder of the axial spine
and sacroiliac joints, and nr-axSpA is a subcategory of
this disorder, in which plain radiographs of the pelvis do
not show radiographic damage that meets the modified
New York criteria for AS (grade 2 bilateral or grade 3
unilateral damage), whereas in radiographic axSpA

(r-axSpA, or AS) these criteria are met'.

There is also universal acceptance about the clinical
features that constitute the construct (FIG. 2). These ele-
ments make up SpA as a whole, and the specific label
axSpA is applied when axial involvement is predomi-
nantly present. From empirical evidence, however, when
these disease elements are applied by clinicians in differ-
ent settings to reach a diagnosis of axSpA, the resultant
patient cohort is remarkably variable demographically,
genetically and clinically (see the section below on classifi-
cation criteria). This variability suggests that the elements
of the construct are assigned different relative values

by different clinicians when deciding on a diagnosis.

Diagnosis of axSpA

A diagnosis of axSpA is generally considered in the
presence of chronic back pain with onset before the age
of 45 years, although onset of axSpA after this age has
also been described'*". The back pain can be ‘inflam-
matory’ in nature (inflammatory back pain) but this is
not a rule; in typical axSpA cohorts, 63-92% of patients
have inflammatory back pain according to various
. If features typically associated
with axSpA are present (FIC. 2), imaging with plain radio-
graphy of the pelvis is commonly undertaken and if
unequivocal radiographic sacroiliitis is apparent, then
often the diagnosis of axSpA is made at this point. If the
plain radiograph is normal or equivocal, as it often is
because the changes are not advanced or bowel or soft
tissue is overlying, then MRI of the sacroiliac joints
is often ordered. In cases of axSpA, sacroiliac joint MRI
often reveals bone marrow oedema and/or fatty lesions
and sometimes structural changes such as erosions. The
use of gadolinium contrast agent can also enable visu-
alization of synovitis, capsulitis and enthesitis, although
the additive value of using contrast-enhanced MRI for the

18,19

classification criteria'®"’

diagnosis of axSpA has been shown to be negligible

Research into the value of sacroiliac joint MRI for the
diagnosis of axSpA has yielded a wide range of MRI
sensitivity?’. The only study to use a non-clinician diag-
nostic standard involved analysis of biopsy-obtained
sacroiliac joint tissue, and in this study sacroiliac joint
MRI was found to have a sensitivity of 38%*'. However,
sacroiliac joint biopsy has not been extensively studied
and is not used clinically in the diagnosis of axSpA; thus,
the value of this approach as the gold standard of under-
lying diagnosis is very uncertain. Lacking a positive sac-
roiliac joint on MRI the diagnosis might also be made, at
least provisionally, on the basis of an elevated C-reactive
protein (CRP) concentration (in the absence of any other
explanation for this elevation). This point does, however,
promote robust debate in the axSpA community. MRI
can be repeated with the aim of demonstrating objective
inflammatory sacroiliitis, as an elevated CRP concen-
tration lacks specificity in this context’>*. However, it
should be noted that the value of repeat MRI is largely
limited to use in those who are male and/or HLA-B27
positive?>**?*. A CRP test can also be repeated following
an initial normal result, as ‘CRP positivity’ varies over
time in those with nr-axSpA and it is not uncommon
for some individuals with AS to have universally normal
CRP concentrations™. In the clinical diagnostic process,
differential diagnoses are considered (TABLE 1) and alter-
native explanations for abnormal findings are also con-
sidered. For example, an elevated CRP concentration can
be found in obese but otherwise healthy patients, and
can also arise from other diseases, such as IBD*".

Once a diagnosis is assigned, the diagnostic label is
allocated. The field of rheumatology is currently in tran-
sition from using the labels ‘AS” and ‘nr-axSpA’ to using
the overall label axSpA with the sub-labels ‘r-axSpA’
and ‘nr-axSpA. The term AS is losing relevance as the
emphasis is now shifting to considering axSpA as a con-
tinuum from non-radiographic to radiographic disease
(FIG. 3). Notably, this whole label transition now under-
way is based on the long-held erroneous belief that a
diagnosis of AS requires radiographic sacroiliitis. This
was not the intention of the modified New York criteria
for AS', which were called ‘diagnostic criteria’ but were
intended to be applied to groups of patients rather than
individuals (BOX 1). The science of criteria construction
has developed considerably since the publication of the
modified New York criteria in the 1980s. At that time,
criteria intended for epidemiological studies such as
surveys and prevalence estimates were called diagnostic
criteria', whereas diagnostic criteria are now constructed
for use in individual patients and classification criteria
are constructed for groups of patients with a disease**~*°.

Imaging and the axSpA construct

A detailed discussion of imaging in axSpA is outside the
scope of this article; an excellent contemporary review
on the subject is available elsewhere’. The influence of
imaging on the concept of axSpA has been to demon-
strate the presence of inflammation in the absence
of radiographically evident disease. This advance in
imaging was arguably the stimulus to re-examine the
concept of axSpA, which, as mentioned above, previ-
ously required radiographic evidence of damage in the
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Skin psoriasis —
e Inflammatory skin disorder
* Prevalence: 10.2% in AS,
10.9% in nr-axSpA
Aortitis —O0

¢ Inflammation of the aortic
root and ascending aorta
* Rare

Non-specific urethritis

¢ Non-gonococcal urethral
inflammation

e Classically an acute presentation
of reactive arthritis

Peripheral enthesitis

e Achilles tendonitis, plantar fasciitis
* Prevalence: 28.8% in AS, 35.4%
in nr-axSpA

-

Conjunctivitis

e Classically an acute presentation
of reactive arthritis

Anterior uveitis

¢ Inflammation of the iris and/or
anterior ciliary body

e Prevalence: 23% in AS, 15.9% in
nr-axSpA

Inflammatory bowel disease

¢ Classically an ‘undifferentiated
colitis’ but also commonly Crohn's
disease and ulcerative colitis

* Prevalence: 6.4% in AS, 4.1%
in nr-axSpA

Peripheral inflammatory arthritis

¢ Often an inflammatory lower limb
oligoarthritis

* Prevalence: 29.7% in AS, 27.9%
in nr-axSpA

4

Dactylitis

e Tenosynovitis and synovitis of a
finger or toe
e Prevalence: 6% in AS, 6% in nr-axSpa

Fig. 2 | Clinical features of axial spondyloarthritis in addition to axial disease. The extra-axial features of axial
spondyloarthritis (axSpA) are shown. Prevalence rates in ankylosing spondyloarthritis (AS) and non-radiographic

axial spondyloarthritis (nr-axSpA) are from de Winter et al.”.

sacroiliac joints. MRI has consequently improved the
confidence of physicians in assigning a diagnosis of
axSpA to patients who formerly in clinical practice would
have had no objective signs of axial inflammation. This
former lack of an objective test for sacroiliac joint inflam-
mation probably contributed to long diagnostic delays in
patients with axSpA*, which were also caused by exces-
sive weight being assigned to the absence of radiographic
sacroiliitis and by difficulty with the interpretation of
plain radiographs of the sacroiliac joints. The application
of MRI has now highlighted that little weight should be
given to negative plain radiography findings.

The use of MRI has enabled us to move to a state where
axSpA can be more confidently identified at an earlier
stage than when sacroiliac joint erosions is demonstrated
on plain radiographs. This state, however, has introduced
additional issues to be addressed. Significant and/or severe
axSpA does not present a diagnostic conundrum; how-
ever, the use of sensitive imaging techniques has presented
challenges such as identifying where normal variation
stops and disease starts.

There remains a high degree of uncertainty about
the implications of ‘abnormal’ findings on MRI. The
issue now is to differentiate early or mild disease from
normal variation in the population. Erosions on plain
radiographs are highly specific for AS (or r-axSpA, to
use the emerging terminology), but when this highly
specific feature is not required for diagnosis or classifi-
cation (because the concept of axSpA is now one of axial
inflammation and does not require axial joint damage)
then diagnostic certainty is reduced. This reduction
in certainty is because the symptom of inflammatory
back pain lacks specificity, inflammatory markers can

commonly be normal and rates of ‘abnormal’ sacroiliac
joint MRI scans are high in non-axSpA populations both
with and without back pain'”****-** (TABLE 2).

The changing classification of axSpA

Historical and current classification. Classification cri-
teria are a research tool that should promote homo-
geneity among groups of patients and should be applied
to patients in whom a clinical diagnosis has already been
made™. Criteria for classification should have a high spe-
cificity (>90%) in order to avoid misclassification (that is,
the inclusion of patients who do not have the disease).

As the concept of AS-axSpA has changed considera-
bly over the past few decades, so have the proposed clas-
sification criteria"'®***" (FIG. 4). Radiographic sacroiliitis
has long been regarded as the hallmark of the disease,
and was required to fulfil either the original or the mod-
ified New York criteria, thus reflecting the prevailing
view of AS as a disease that causes radiographic damage
evident on plain radiographs"'®* (FIC. 4). In retrospect,
the new, broader concept of axSpA first emerged in 1985.
In a study of first-degree relatives of HLA-B27-positive
patients with AS, the presence of “spondylitic disease
without radiologic evidence of sacroiliitis” was reported
in some of these first-degree relatives, many of whom
were female*'. Despite having some of the clinical fea-
tures of SpA, these relatives did not fulfil the modified
New York criteria’.

The new concept is that only a proportion of
patients with nr-axSpA will progress to r-axSpA (AS);
the rest will continue to have nr-axSpA or the disease
will spontaneously resolve (FIG. ). Rates of progression
from nr-axSpA to r-axSpA (AS) have been reported in
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Table 1| Differential diagnosis of axial spondyloarthritis

Diagnosis
Non-specific low back pain

Diffuse idiopathic skeletal
hyperostosis

Fracture

Degenerative arthritis
Septic arthritis of the
sacroiliac joint and/or spine

Crystal arthritis

Osteitis condensans ilii

Non-radiographic axSpA

e Clinical manifestations of
axSpA but no radiographic

evidence of structural damage

* MRI might show active
sacroiliitis

Descriptor
Chronic back pain with normal or abnormal imaging

Ligamentous calcifications and/or ossifications around
the spine

Fracture of the vertebral body, spinous process or
transverse process and osteoporotic stress fracture

Back pain, and abnormal spinal imaging

Back pain, elevated inflammatory markers and/or
abnormalimaging

Inflammatory crystal arthritis that can affect the
spinal column

Back pain and abnormal sacroiliac joint imaging
post-pregnancy

different cohorts as 1-12% over 2 years, 6-46% over
2-9 years and 26-59% over >10 years*~'.

In recognition of the broadening concept of axSpA,
the 2009 Assessment of SpondyloArthritis International
Society (ASAS) classification criteria were developed
for the full spectrum of axSpA'>*". However, these
criteria are not sufficiently specific'®>": their sensiti-
vity and specificity were reported as 82.9% and 84.4%,
respectively'®”2. Which features help to explain the low
specificity of the current ASAS classification criteria for
axSpA? It can be concluded that the lack of specific-
ity of these criteria reflects the way they were derived.
Briefly, the criteria were derived first by experts assess-
ing 71 ‘paper patients’ (theoretical case vignettes), most
of which lacked radiographic sacroiliitis. An additional
649 cases were contributed by ASAS members from
25 centres in 16 countries; these patients had to have
had back pain for >3 months with an onset prior to the
age of 45. In their routine clinical work-up, 391 (60%)
of the 649 patients were diagnosed with axSpA. Among
these 391 patients, 52% were male, 66% were HLA-B27
positive, 62% had a normal CRP concentration and
30% met the modified New York criteria for AS. Of the

Radiographic axSpA (AS)

Radiographic

sacroiliitis Syndesmophytes

Time (years)

Fig. 3 | The concept of axial spondyloarthritis. The concept of axial spondyloarthritis
(axSpA) now encompasses non-radiographic (nr-axSpA) and radiographic axSpA

(or ankylosing spondylitis (AS)). The arbitrary division between these two entities is
becoming less relevant clinically. The decreasing sizes of the three chevrons emphasizes
that a decreasing proportion of patients progress to each subsequent stage. In other
words, only some patients with nr-axSpA will develop radiographic axSpA (AS), whereas
others might continue to have nr-axSpA, perhaps forever, or have a self-limiting disease
course. This figure also illustrates that not all patients with radiographic sacroiliitis
progress to form syndesmophytes and consequently spinal ankylosis. Adapted with
permission from Rudwaleit et al.*°, Wiley.

remaining non-axSpA patients, 28% were HLA-B27 pos-
itive, three times the background population prevalence
of HLA-B27 in white populations. The variance between
contributing centres in HLA-B27 was not reported in
these papers.

Of note, a subsequent study of genetic profiling™ in
a subset of the patient cohort used in developing the
ASAS axSpA classification criteria provides some clues
to understanding the low (84.4%) specificity of those
criteria'®>*. In this study, the patients, who were from
nine centres in six countries, were classified according to
the ASAS criteria for axSpA and, using the clinical data
supplied, further classified according to the modified
New York criteria for AS***. The results indicate that dif-
ferent centres had very different views on how to arrive
ata clinical diagnosis, as evidenced by the differing prev-
alence of HLA-B27 between the centres (even within
the same country), which might reflect either issues
with recruiting into the cohort or differences between
physicians in what they consider the axSpA construct
to be. For example, the HLA-B27 prevalence ranged
from 21% to 70%, the proportion of female patients from
5% to 71%, the proportion of patients with axSpA was
between 37% and 90%, and the proportion of patients
meeting the modified New York criteria ranged from
0% to 48%".

In the presence of a gold standard for a disease (for
example, in gout, the clear demonstration of urate crys-
tals in a sterile inflamed joint) one might expect a cor-
rect diagnosis in all cases, and classification criteria for
that disease would have 100% specificity. However, the
situation is quite different for a disease such as axSpA,
with a broader concept of disease that newly includes
the notion of non-radiographic disease, a condition
for which there is no gold standard. In this context, the
diagnosis can only be based on expert opinion, taking
into consideration a plethora of clinical signs and symp-
toms, a few highly non-specific biomarkers (HLA-B27
and CRP concentration) and imaging results (MRI)".
Therefore, it seems very probable that the demonstrated
heterogeneity in establishing a clinical diagnosis of
axSpA on the basis of experts’ opinions is responsible
for the subsequent substantial lack of specificity of the
ASAS classification criteria for axSpA.

Fundamental to some of the disagreements in the
axSpA community is the idea that axSpA can be clas-
sified in the absence of objective signs of inflammation.
Therefore, it is important to address the issues around
the lack of specificity of sacroiliac joint MRI findings.
Thus, for some the axSpA construct requires objective
inflammation (and therefore it is definitely required for
classification) and for others it does not.

Diseases as natural kinds. Thinking about SpA as a
natural kind (BOX 2) might help to clarify the distinc-
tions between the disorders included under the SpA
umbrella and how to identify the cluster of properties
that are characteristic of each disease kind. For exam-
ple, radiographic ankylosis of the sacroiliac joints is a
pathognomonic feature of AS, yet many people with AS
do not and never will exhibit this degree of sacroiliitis
and others who are diagnosed in the early stage of disease
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do not manifest any degree of radiographic sacroiliitis™.
Similarly, HLA-B27 is found in more people without SpA
than with SpA but HLA-B27 positivity is considered to be
a disposition towards certain modes of antigen presenta-
tion that can manifest in AS®. The precise label (AS or
axSpA) is less important than the concept of the disease
as akind. On the other hand, the disposition to sacroiliac
joint ankylosis is not especially necessary or sufficient for
PsA, whereas the disposition towards psoriasis is much
more important. The recognition that it is possible to
fulfil the CASPAR classification criteria for PsA without
actually having manifest psoriasis underscores the recog-
nition that it is the disposition towards psoriasis, rather
than its manifestation, that is most salient™.

Latent class analysis. Latent class analysis is a mod-
elling methodology that can be used to classify items.

The basic tenet of this methodology is that unob-
served (latent) categories (classes) in a system or model
differ by observable characteristics®. Class mem-
bership can be estimated using assumptions of inde-
pendence of the observable variables. The latent class
analysis of patients with SpA within the DEvenir des
Spondylarthropathies Indifférenciées Récentes (DESIR)
and the SpondyloArthritis Caught Early (SPACE) cohorts
provides some support for a dispositional perspective™.
These cohorts include people with inflammatory back
pain and clinically diagnosed axSpA (DESIR) and those
with chronic low back pain with onset before age 45 years
(SPACE). Latent class analysis of the SPACE cohort iden-
tified four clusters of individuals: those with axial disease,
which was most strongly associated with imaging evi-
dence of sacroiliitis and HLA-B27; those at risk of disease,
which was most strongly associated with a family history

Table 2 | Studies reporting positive MRI scans in populations with and without axSpA

Study population n Sex Back Proportion witha Study Ref.
pain positive MRI scan®

Healthy men 29 Male No 0% Seven et al. (2019) 22

Hospital cleaning staff 26 Female No 4% Seven et al.(2019) 32

Long-distance runners 23 Male and No 4% Sevenetal.(2019) B2
female

Individuals with chronic 47 Male and Yes 6% De Winter et al. (2018) e

back pain female

Individuals with lumbar disc 25 Male and Yes 8% Seven et al. (2019) 22

herniation female

Runners 24 Male and No 13% De Winter et al. (2019) 3
female

Participants in a community 793 Male and 57%® 17% Baraliakos et al. (2019) 32

health study female

Women without post-partum 14 Female No 21% Seven et al.(2019) 3

buttock and/or pelvic pain

Individuals with chronic 1,020 Male and Yes 21% Arnbak et al. (2016) &

back pain female

Healthy individuals 47 Male and No 23% De Winter et al. (2018) =
female

Runners (post-running) 20 Male and NS 30% Weber et al. (2018) &
female

Runners (pre-running) 20 Male and NS 35% Weber et al. (2018) 3
female

Military recruits (at baseline) 11 Male and No 41% Varkas et al. (2018) L
female

Women with post-partum 46 Female Yes 41% Sevenetal.(2019) B

buttock and/or pelvic pain

Elite ice hockey players 22 Male NS 41% Weber et al. (2018) ¥

Military recruits after 6 weeks' 11 Male and No 50% Varkas et al. (2018) %

training female

Individuals with axSpA 41 Male and Yes 56% Sevenetal.(2019) 3
female

Women with post-partum 7 Female Yes 57% De Winter et al. (2018) "

back pain

Post-partum women within 25 Female 31% 64% Renson et al. (2020) &

10 days of vaginal delivery

Individuals with axSpA 47 Male and Yes 92% De Winter et al. (2018) o
female

axSpA, axial spondyloarthritis; NRS, numeric rating scale; NS, not specified; SpA, spondyloarthritis. *According to the current
Assessment of SpondyloArthritis International Society definition of a positive sacroiliac joint MRI for the classification of SpAZ.
°On a 0-10 NRS for back pain, of 0, 28% NRS between 1 and 3, and 29% NRS >4.

114 | FEBRUARY 2021 | VOLUME 17

www.nature.com/nrrheum



Rome criteria for AS (1961) New York criteria for AS (1968)
(ref.®) (ref.?®)

Clinical criteria:

1. Low back pain and stiffness of
>3 months’ duration that is not
relieved by rest.

. Pain and stiffness in the
thoracic region.

. Limited motion in the lumbar

spine.

Limited chest expansion.

. History or evidence of iritis or
its sequelae.

w N

v

Radiological criterion:

6. X-ray showing bilateral
sacroiliac changes
characteristic of AS (this would
exclude bilateral osteoarthrosis
of sacroiliac joints).

Definite diagnosis of AS:

 Four of the five clinical criteria
are fulfilled; or

¢ Radiological criterion plus one
other criterion are fulfilled.

Clinical criteria:

1. Limitation of motion of the
lumbar spine in all 3 planes
(anterior flexion, lateral flexion,
and extension)

2. A history of pain or the presence
of pain at the dorsolumbar
junction or in the lumbar spine.

3. Limitation of chest expansion to
1inch (2.5cm) or less, measured
at the level of the fourth
intercostal space.

Definite AS:

e Grade 3-4 bilateral sacroiliitis
associated with at least 1 clinical
criterion; or

e Grade 3—4 unilateral or grade 2
bilateral sacroiliitis associated
with clinical criterion 1 or with
both clinical criteria 2 and 3.

Probable AS:

¢ Grade 3-4 bilateral sacroiliitis
without any signs or symptoms
satisfying the clinical criteria.

Modified New York criteria for AS
(1984) (ref.?)

Clinical criteria:

1. Low back pain and stiffness for
more than 3 months, which
improves with exercise but is not
relieved by rest.

2. Limitation of motion of the
lumbar spine in both the sagittal
and frontal planes.

3. Limitation of chest expansion
relative to normal values
corrected for age and sex.

Radiological criterion:

¢ Grade 2—4 bilateral or grade 3—4
unilateral sacroiliitis.

Definite AS:

e Radiological criterion fulfilled in
association with at least one
clinical criterion.

Probable AS:

* Three clinical criteria are fulfilled;
or

e Radiological criterion is fulfilled
without any signs or symptoms
satisfying the clinical criteria.

REVIEWS

ASAS criteria for axSpA (2009)
(ref.*®)

Entry criterion:

* Back pain of 23 months’ duration and
age at onset <45 years.

Classification of axSpA by imaging arm:

e Sacroiliitis on imaging and at least one
SpA feature.

Classification of axSpA by HLA-B27 arm:

¢ HLA-B27-positive plus two or more
SpA features.

SpA features:

¢ Inflammatory back pain, arthritis, heel
enthesitis, uveitis, dactylitis, psoriasis,
Crohn’s disease or ulcerative colitis,
good response to NSAIDs, family
history of SpA HLA-B27, elevated CRP
concentration.

Sacroiliitis on imaging:

* Active (acute) inflammation on MRI
highly suggestive of sacroiliitis
associated with SpA; or

(Other causes of sacroiliitis
should be considered.)

¢ Definite radiographic sacroiliitis as
per the modified New York criteria.

Fig. 4 | Classification criteria for axSpA. Proposed classification criteria for ankylosing spondylitis (AS) and axial
spondyloarthritis (axSpA) have changed considerably over the past few decades, reflecting changes in the concept of the
disease. ASAS, Assessment of SpondyloArthritis International Society; CRP, C-reactive protein.

of SpA and HLA-B27; those with no SpA; and those with
back pain as well as peripheral arthritis and/or enthesitis.
Furthermore, these phenotypes tended to remain stable
over time in the DESIR cohort””.

For the disease entity of AS-axSpA, it seems that the
disposition towards sacroiliitis is crucial to the concept
of this disease. Sacroiliitis is central to the modified
New York criteria'. For the 2009 ASAS axSpA classifi-
cation criteria, features contributing to the classification
of axSpA included radiographic sacroiliitis, which had
an odds ratio (OR) of 32.3, and active inflammation
of sacroiliac joints on MRI, which had an OR of 66.7;
by comparison, all other features had ORs of approx-
imately 1-7 (REF.'). These ORs also suggest that clini-
cians feel that sacroiliitis is the crucial feature of the
concept of axSpA.

Towards improving axSpA classification. A way for-
ward for improving the specificity of classification criteria
to approach 100% would be to develop new classification
criteria, beginning with a thorough discussion among
their developers with the aim of building consensus
about the diagnosis using a wide variety of real patients.
One should define the construct of the disease: which
clinical and biologic dispositions characterize the disease
to be classified and which features would be aberrant?
This approach seems particularly important to consider
in the context of a new, broadened disease concept in
the absence of a gold standard. The consensus about the
disease construct should of course be properly assessed
by thorough appraisal of observer variation. Other issues
to be addressed to improve specificity include the need
for standardized diagnostic work-up and comparability
across referral patterns, to avoid or reduce diagnostic bias.

One issue that has generated considerable debate is
that, at its core, axSpA is defined by axial inflammation,
more specifically sacroiliac joint inflammation. However,
the ASAS 2009 criteria enable classification of axSpA
without objective evidence of axial inflammation. For the
purposes of diagnosis and the inherent pragmatism
that it requires, this issue is not so important. However,
to be true to the aim of classification criteria — that
is, to assemble a homogeneous group of patients for clin-
ical study — classification of axSpA without objective
evidence of inflammation moves away from the accepted
core concept of the disease. Newer imaging techniques
and/or biomarkers might enable us to demonstrate
sacroiliac joint inflammation in different ways, but at
present the absence of objective evidence is a challenge
to the long-held concept of axial inflammation.

The basic framework for classification criteria in
rheumatology, which has generally been followed since
the development of the 2010 ACR-EULAR rheumatoid
arthritis criteria, consists of the following elements:
a statement regarding to whom the criteria should be
applied; specification of the elements or items of the
criteria; determination of the relative weight of the indi-
vidual elements, and a statement of how the elements of
the criteria should be combined to arrive at a (usually)
binary result (that is, the presence or absence of the
health condition of interest); and determination of
the accuracy of all the criteria. Overall accuracy is gener-
ally expressed as the proportion of people who have the
health condition of interest who are also deemed to have
the condition according to the criteria (sensitivity), and
as the proportion of people do not have the health con-
dition who are also deemed to not to have the condition
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Box 2 | Natural kinds

In philosophy, ‘natural kinds’ refer to the idea that some objects can be classified and
resemble each other in important ways®. The classical example of natural kinds in
physical sciences are the chemical elements in the periodic table: each elementis a
natural kind. An understanding of what it is to be a natural kind might help with disease
nosology and conceptualization of disease kinds, if it were the case that diseases are

in fact natural kinds. Although that claim is not altogether settled, it is still potentially
useful to consider spondyloarthritis conditions through this lens.

One important concept of natural kinds is the homeostatic property cluster (HPC)
theory of kinds, which roughly holds that kind membership is about sharing a cluster of
properties and that causal forces exist that explain the co-instantiation of these property
clusters®. When applying the HPC concept of natural kinds to disease, a useful extension
is to consider a key property of the kind to be a disposition, rather than a manifestation.
For example, radiographic juxta-articular erosions are a characteristic manifestation of
rheumatoid arthritis, but not all patients with rheumatoid arthritis exhibit this
manifestation, especially in early-stage disease. The disposition towards erosive disease
can be considered one of the cluster of properties that characterize rheumatoid arthritis.
Similarly, acute anterior uveitis is characteristic of SpA diseases, but only occursina
minority of cases’™. Thus, a disposition towards developing acute anterior uveitis is
a member of the HPC.

according to the criteria (specificity). Some of these ele-
ments can be derived from empirical data, but some rely
greatly on expert knowledge and opinion.

To independently validate the 2009 ASAS criteria,
the Classification of Axial SpondyloarthritiS Inception
Cohort (CLASSIC) study has been established*. This
multinational study will largely replicate the methods of
the original ASAS classification study'®. The CLASSIC
study investigators aim to recruit 1,000 consecutive
patients referred to a rheumatologist because of back
pain for >3 months and who are <45 years of age™. If the
specificity of the ASAS criteria is 290% and the sensi-
tivity 275%, no further investigation of the criteria will
reportedly be undertaken; however, if the criteria do not
meet these thresholds then refinements will reportedly
be made and tested™. The current ASAS criteria for
axSpA were not derived using relative weighting of each
element of the disease, and this technique might be one
to consider to better align the construct of axSpA with
the resultant classification criteria.

Therapy and the axSpA construct
In trying to clarify where normal variation ends and
disease begins, the response of symptoms to effective
therapies can potentially provide insight. Most patients
with non-inflammatory causes of low back pain do not
respond well to treatment with TNF inhibitors®; thus,
it is possible that response to TNF inhibitors could be
helpful in distinguishing normal variation on MRI from
axSpA. In clinical trials of adalimumab, golimumab and
etanercept, patients with axSpA with elevated CRP
concentration and/or sacroiliitis on MRI at baseline
responded better to treatment than those with a normal
CRP concentration and/or no sacroiliitis on MRI®'-*.
Advisory bodies for single-payer systems such as
The National Institute for Health and Care Excellence
in the UK and the Pharmaceutical Benefits Advisory
Committee in Australia have made increasingly rig-
orous assessments of applications to licence and fund
new therapies for axSpA®>*. The FDA has also meticu-
lously assessed applications to register biologics for the

treatment of nr-axSpA, and after holding public hearings
initially elected not to register the TNF inhibitors adali-
mumab and certolizumab pegol for this indication on the
basis of the trial data presented®”*. Questions raised
by the FDA and EMA when examining applications for
the registration of biologics for nr-axSpA concerned the
natural history of nr-axSpA, the rate of spontaneous
remission and the potential for over-treatment with TNF
inhibitors®”*. Although the response rates in patients
without sacroiliitis on MRI and/or normal CRP con-
centration were lower than in those with objective signs
of disease, they were not numerically similar to placebo.
Is this observation a demonstration that the axSpA con-
struct should apply in the absence of an elevated CRP
concentration or an abnormal MRI? Is this mild disease,
early disease or both, and what is the prognosis of
this type of disease? These are questions that remain
unanswered at present.

Another trial of certolizumab pegol in nr-axSpA has
since been performed and in 2019 the FDA approved
this agent for use in the treatment of nr-axSpA™. The
issue around the registration of certolizumab had cen-
tred on how trial participants’ plain pelvic radiographs
were read in the RAPID-axSpA trial®. Initially, radio-
graphs were read locally at each centre where patients
were enrolled and managed. However, when this pro-
cedure was revised and radiographs were read cen-
trally by a small group of expert readers, an appreciable
proportion of patients had their films assessed as AS
rather than nr-axSpA; as the reported cohort included a
proportion of patients with AS® the FDA therefore felt
that the outcome of the trial could not be relied upon
as a good assessment of the efficacy of certolizumab
in nr-axSpA. This incident is an example of the limi-
tations of plain radiographs of the sacroiliac joints, the
examination of which has very low inter-reader and
intra-reader reliability, and which are increasingly seen
as having little relevance to the wider concept of axSpA°'.
The reduced therapeutic response to TNF inhibitors in
those who lack objective evidence of inflammation led
regulators (such as the EMA and FDA) and agencies
that make funding recommendations (for example, the
Pharmaceutical Benefits Advisory Committee) to stip-
ulate the presence of inflammation as a requirement for
treatment with TNF inhibitors for nr-axSpA when the
medications were first registered®.

Consensus, disagreement and questions

We have moved to a new era in which it is broadly
agreed that axial inflammation, and specifically sacro-
iliac joint inflammation, is a core element of the axSpA
construct. However, there remains a divergence of
opinion concerning individuals who have symptoms
that could be attributed to axSpA but who lack MRI or
CRP evidence of axial inflammation. That such patients
could potentially fulfil the 2009 ASAS classification cri-
teria for nr-axSpA has caused debate in the SpA com-
munity, as some do not believe that patients without
objective evidence of inflammation should be included
in the axSpA construct™*”””7*, Therefore, the 2009
ASAS classification criteria are believed by some to lack
specificity®.
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Owing to the absence of explicit diagnostic criteria
for axSpA, classification criteria have, at times, been pre-
sented as an alternative. However, diagnosis is not their
primary purpose. As mentioned above, the sensitivity and
specificity of the 2009 ASAS axSpA criteria are 83%
and 84%, respectively, which means that an appreciable
proportion of axSpA cases are missed, or individuals
without axSpA are included, when classification criteria
are used directly in the clinic; classification criteria also
do not exclude ‘disease mimickers’ or look-alikes™**”.

The unanswered questions in the field revolve firstly
around the specificity and sensitivity of sacroiliac joint
MRI. A growing body of evidence suggests that healthy
individuals have a high rate of positive sacroiliac joint
MRI (TABLE 2), as it is currently defined by ASAS®; in
some subgroups, such as post-partum women, this rate
can be as high as 64%. Part of the issue could be the
lack of familiarity of radiologists with axSpA imaging,
or the scanning technique used, but more important is
the lack of specificity of the ASAS definition of a positive
sacroiliac joint MRI scan®’*-%. There is evidence that
including structural or erosive change, in addition to evi-
dence of inflammatory activity (bone marrow oedema),
increases the specificity of the definition®"*”. Progress in
this area is already being made via proposed changes to
imaging protocols®. Second, and linked to the first point,
is the question of the value (or not) of scanning the spine
in addition to the sacroiliac joints. To date, the conclusion
has been that there is a limited role for this additional

imaging; however, some evidence suggests that a pro-
portion of patients have spine-limited disease that spares
the sacroiliac joints®-*. Third, what is the natural his-
tory of nr-axSpA, including prognostic factors, rates of
spontaneous remission and risk factors for progression?
Finally, the role of other biomarkers such as genetics and
the microbiome®* requires better clarification. Research
aimed at addressing these questions could provide
clarity on prognosis and identify predictors of response
to therapy, as well as potential new therapies.

Conclusions

Owing to advances in imaging techniques, the concept of
axSpA has expanded to include axial inflammation that
does not (or has not) caused erosive damage. This shift
has enabled the recognition and treatment of disease in
many people who previously would not have received
a diagnosis of axSpA. It has also brought a new set of
challenges, primarily distinguishing normal variation
from early or mild disease; research to try to clarify this
difficult issue is ongoing. The intensity of interest on the
part of the public, industry and academia is encouraging,
as axSpA has been blighted by long diagnostic delays
and a lack of effective treatment since the disease has
been recognized. This situation is starting to change, but
there is certainly ample scope to improve further for the
benefit of our patients.
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W) Check for updates

Key opinion leaders — a critical
perspective

Jose U. Scher

and Georg Schett

Abstract | Enormous progress has been made in the field of rheumatology in the
past several decades, historically led by publicly funded academic innovators but
in more recent times with much greater involvement of the pharmaceutical
industry. This shift in resources has created a complex new model for reinvestment
in the medical community in which the vast majority of private funds are redirected
towards influencing the prescription behaviour of practitioners through ‘key
opinion leaders’, with the main purpose of enhancing and perpetuating profit
rather than innovation and critical thinking, and often at the expense of
partnerships with scientists (that is, basic and translational researchers) and
academic collaborations. This new episteme brings multiple opportunities to
rethink approaches to sustaining long-term critical research in the field, ultimately
maximizing the return on investment: scientific knowledge for the benefit
of patients and society. Central to such strategies should be the rebalancing of
academia—industry partnerships towards academic research and the involvement
of ‘innovation and knowledge leaders’, rather than mostly key opinion leaders.

During the course of the past century,
biomedical research has brought about
previously unimaginable advances in the
understanding of disease pathogenesis and
therapeutics and, with these advances, a
dramatic reduction in deadly infections and
uncontrollable inflammatory processes.
The field of rheumatology has been at the
forefront of this revolution, owing in large
part to the ingenuity of astute clinicians
and brilliant scientists backed mostly by
federal funding. Within the past three
decades, another paradigm shift in the
treatment of chronic immune-mediated
inflammatory diseases was led by the
advent of monoclonal antibody technology
and other modulators of specific immune
pathways. These discoveries, supported
by academic innovation, were soon
expanded (rather exponentially) by the
pharmaceutical industry, which generated a
rapid accumulation of unparalleled financial
wealth and resources by private companies
at a time when public funding has been
stalling’.

Progress in rheumatology, as in all other
fields of medicine, is dependent on the
vital interaction between academic science

and industry engaged in the arena. The
dynamics of this relationship are complex
and not always guided by the motivation to
enhance knowledge and the development
of improved therapeutics. The interaction
between academia and industry also
includes sophisticated methods that allow
for the efficient spreading of opinions

that can ultimately alter the prescribing
patterns of physicians. In this article, we
address the phenomenon of the key opinion
leader (KOL), a steadily growing (in both
number and influence) entity at the interface
between academia and industry. Although
serving as the primary nexus between
companies and physicians and as a source
of potentially valuable clinical information,
the overall primary focus of KOLs is
arguably aligned with the amplification

goal of commercially driven interests. We
discuss the challenges and conflicts that have
emerged as a consequence of the current
paradigm governing academia-industry
interactions and question the pre-eminence
of opinion-based leadership (that is, the
KOL) at the expense of leadership based

on innovation and knowledge. Finally, we
present concepts and strategies to foster

collaborations and expand knowledge

that could lead to the discovery of novel
targets for diagnostics and therapeutics in
rheumatology, for the benefit of individual
patients and society at large.

The birth of the KOL

In 1942, at the time when Nanna Svartz

was publishing her results on the first
rationally designed drug for the treatment of
rheumatoid arthritis’, the communications
theorist Paul Lazarsfeld was busy trying to
take the science of marketing to a whole new
level. Lazarsfeld was sceptical about how
much the mass (that is, direct-to-consumer)
media truly shaped the public’s views.

In the course of his research into how Ohio
voters actually changed their minds during
the 1940 presidential election’, Lazarsfeld
discovered that human beings altered

their views and preferences more because
of trusted figures in their networks — or
‘opinion leaders’ — than because of forces
such as advertising. His later work with
Elihu Katz* elaborated on their ‘two-step
flow of communication’ theory, which
suggests that opinion leaders pay close
attention to the mass media and pass on
their interpretation of media messages

to others.

By the mid-1950s, Lazarsfeld’s group had
extended their argument into medicine,
through a study contracted by Pfizer about
the factors that influenced doctors in the
USA to adopt a new drug. In this landmark
study’, the authors asked the fundamental
question that continues to drive every
pharmaceutical marketing operation to
this day: “What were the social processes
that intervened between the initial trials
of the drug by a few local innovators and
its final use by virtually the whole medical
community?” The simple answer: the
implementation of a new drug is all about
promoting and expanding “the effectiveness
of interpersonal relations at each stage of the
diffusion process”.

Thus, the concept of the KOL
in medicine was born. Since then,
pharmaceutical companies have continually
expanded their use of the KOL model of
communication. According to the Pharma
Marketing Network, KOLs are physicians
or non-physician scientists who are
engaged by pharmaceutical companies
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to act as consultants to the companies

but also to influence doctors’ medical
practice, including (but not limited to)
their prescribing behaviour®. A catchier
description of a KOL is suggested in an
article in The Chronicle of Higher Education
by Carl Elliott, who stated that “The KOL
is a combination of celebrity spokesperson,
neighbourhood gossip and the popular kid
in high school™. This latter description can
be attributed to the fact that industry and
KOLs often develop a kind of symbiotic
relationship: industry feeds the hunger of
the KOL for status and ego boosting, which
motivates academic scientists to work

for industry, and simultaneously KOLs
support industry in the marketing of their
products. It is therefore not surprising that
the most desirable quality for a KOL is not
always a scientist’s knowledge or original
innovative work, but rather other factors
such as prescribing habits, memberships in
organizations and contributions to treatment
recommendations®. As outlined in TABLE 1,
the fundamental function of a KOL is to
act as an influencer rather than as a critical
thinker; hence, the KOL acts primarily

and necessarily as a marketing entity.
Kimberly Elliott, an experienced former
drug company sales representative, argued
that “[KOLs] were sales people for us, and
we would routinely measure the return on
our investment, by tracking prescriptions
before and after their presentations... If
that speaker did not make the impact the
company was looking for, then you would
not invite them back™. Thus, meetings,
advisory boards and other events are
important tools for setting up, expanding
and publicizing the results of the symbiotic

industry-KOL relationship. In 2008, the
rheumatologist Ted Pincus coined the term
‘hotel-based medicine; suggesting that some
of the myriad scientific meetings might not
primarily serve the well-intentioned purpose
of expanding critical knowledge but rather
represent marketing vehicles for specific

products'.

The two faces of the KOL
Towards the end of his life, the painter
Diego Velazquez created his masterpiece
Las Meninas, one of the most celebrated
and yet complex paintings of modern
times"'. This enigmatic composition raises
questions about reality and illusion, and the
active and the passive, ultimately creating
a perplexing relationship between the
viewer and the figures depicted. In Las
Meninas, we are unsure who is the viewer:
are we watching Velazquez working or
is he using us as a model? The intricate
arrangement of sightlines, hiddenness and
appearance in this piece of art confuses
the viewer and might remind us in some
ways of the KOL entity, who usually
conveys commercially relevant content in
an academic shroud. Conceptually, this
camouflage (as in the case of the royal
family depicted in Las Meninas) elevates
the value and credibility of the content and
represents a subliminal and efficacious
strategy for reaching physician-customers,
and is often complemented by other
marketing strategies, including most
notably dinners in high-end venues and the
over-embellished industry booths found at
major rheumatology meetings.

These and related approaches are
commonly used in lectures (prepared by

Table 1 | Comparison of IKLs and traditional KOLs

Characteristic IKL

Function Scientist

Aim Gain of knowledge
Motivation Hunger for knowledge
Key process Innovation

Data source Own

Data handling Data generation
Concept To be devised/conceived
Instrument Experiment

Study type Investigator-initiated
Project Public initiative

Involvement with industry

Drug analogy Originator

Newspaper section analogy Front page

Early- and late-stage research

KOL

Influencer

Gain of influence
Hunger for status
Implementation
External

Data dissemination
Pre-formed
Steering committee
Industry-sponsored
Industry symposium

Late-stage research — post asset
approval

Biosimilar

Opinion page

IKL, innovation and knowledge leader; KOL, key opinion leader.

industry but presented by the KOL) and
clinical studies (executed by companies
but ‘authored’ by KOLs and ghostwriters)®.
Concomitantly, however, the KOL
has to successfully cultivate an aura of
independence. Performing such a balancing
act and successfully wrapping commercial
content in scientific packaging is the
ultimate talent of the KOL. In a different
context, these skills have been described
as the ‘Dr Fox effect, coined from an
experiment (c. 1970) in which a lecturer’s
expressiveness and their being labelled an
‘expert, rather than the actual content of
their lecture, affected students’ learning
behaviour'. Hence, influencers lacking
even minimal personal contributions to the
matter at hand can effectively disseminate
their opinions as well as the interests of their
circumstantial sponsors. Today, such
opinion-based influence has gained further
relevance owing to the amplification power
of social media. Examples from the past
few years include misrepresentation of the
benefits of dietary products'” as well as
the unfounded hype for hydroxychloroquine
as a treatment for COVID-19 (REF.™).

It is therefore not surprising to observe
booming consulting enterprises (such as
H1 or Global Vision Technology'*'®) whose
ultimate goal is to identify KOLs as well as to
extract the critical information surrounding
KOLs. For instance, these businesses claim
to help “identify, analyse and apply the
critical information surrounding thought
leaders™"” or to “help guide marketers to
optimize KOL engagements as bona fide
advisers to a brand and can help shape
clinical development and clinical data
publication plans”**. The companies use
software incorporating artificial intelligence
algorithms in order to identify and engage
a ‘personalized’ roster of KOLs that provide
advocacy and feedback for a pharmaceutical
company, ultimately helping to create
marketing strategies for that company’s
products.

Invest in opinion or innovation?

The substantial interest in identifying

KOLs illustrates the extent of investment

by industry into the ‘KOL community’

We seemingly live in times in which the
dissemination of opinion is considered more
desirable than investment in science-driven
knowledge. Although this approach might
be helpful in the short term (for example, by
increasing sales and gaining market share),
the mid-term and long-term consequences
for rheumatology and other biomedical
fields can be negative and ultimately
inefficient, as industry ventures into the
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mechanistic understanding of chronic
diseases and the identification of new
targets are at least partially cannibalized by
commercial priorities'®. The monetary value
of pharmaceutical industry engagement of
KOLs is best illustrated by data released
under the US Open Payments programme
of the Physician Payments Sunshine Act,
which show that in 2018 companies made
payments to ~627,000 physicians totalling
over US$9.35 billion towards speaker and/or
consulting fees or for the cumulative value
of ownership interests'”. These numbers are
even more staggering when one considers
that the entire NIH budget for 2018 was less
than US$40 billion™.

Notably, despite its budget stagnating over
the past two decades, the NTH continues to
have an important role in spurring private
success’"*, as highlighted by the modern
endogenous growth theory, which under-
scores the importance of ‘knowledge spillo-
vers’ for long-term economic growth. In his
seminal paper?, the 2018 Nobel Laureate in
Economics Paul Romer argued that these
knowledge spillovers (that is, when recipient
entities and the economy as a whole gain
material and intellectual capital that has been
originally developed by others) mean that
private firms (particularly pharmaceutical
companies) underinvest in the production
of knowledge. As a consequence, marketing-
dominated strategies fuelled by an excess of
opinions can lead to long-term negative con-
sequences in overall health-care outcomes.
Two types of policies are aimed at amelio-
rating this ‘market failure’: patent outcomes
and public funding of research. A 2019 paper
examined the effects of public science on
private-sector innovation in the life sciences,
and came up with relevant quantitative
data”'. For example, for each $10 million
invested by the NTH in a research area, there
are 2.7 associated private-sector patents
in that field. Similarly, it has been estab-
lished that $1 in NIH funding generates
around $2.34 in drug sales?. Therefore, and
because public-sector research is crucial for
private-sector innovation, it is to be expected
that at least a sizeable proportion of the reve-
nue from industry would be invested back in
basic fundamental knowledge of the disease
mechanism. Hence, rather than investing in
opinion-multiplication by KOLs, it seems
strategically wise, and sustainable in the long
run, for industry to rebalance its funding
towards academic research.

At present, industry contributes to
5.9% of academic research in the USA™.
Research programmes aimed at addressing
a specific challenge and that can have
immediate applicability (that is, falling

within Pasteur’s quadrant or use-inspired
basic research) seem to receive funding
from industry more often than either purely
basic or applied research®. The proportion
of university research funding provided

by industry can vary substantially, ranging
from as low as 1% and up to 22% for a
single institution*’. Although the concern
that industry funding might jeopardize the
productivity of scientists is a valid one*,

the most important channel for knowledge
transfer from science to industry is in fact
through the publication of research results”.
Furthermore, private-public partnerships
have not been shown to negatively affect
academic freedom®. Critically, such
initiatives enhance important indicators

of innovation such as the generation of
intellectual property, technology output, and
numbers of jobs in high-tech sectors and
new business start-ups, as well as venture
capital acquisition®*’.

Rethinking the current paradigm
Importantly, even when well-intended, the
two-step flow of communication model has
many inherent conflicts that necessarily
lead to often blurry and difficult-to-regulate
relationships between KOLs, their industry
benefactors and the ultimate recipients

of the primary message. The Sunshine

Act and the mechanisms for disclosure

and constraint of competing interests put
forward by academic institutions have
lessened the potential for larger conflicts.
However, these stricter rules of engagement
do not apply to the majority of prescribers
to whom the payments are directed, or to
recipients of major industry funding in
university centres who ‘forget’ to disclose
their financial conflicts’ .

The paradox, of course, is that the authors
of this Perspective are subject to the same
ethical dilemmas and potential conflicts
when, as academic translational scientists,
we willingly interact with industry partners.
The phenotypic spectrum of reactions to
these challenges ranges from a puristic
strategy of complete and unconditional
non-engagement to a wholly laissez-faire
approach without much consideration for
the implications (a behaviour that inevitably
generates biases and conflicts, both conscious
and unconscious). One could certainly argue
that the former approach is the preferable one
as it has several advantages when it comes to
independence and transparency. However,
given the realities we have described, we
believe in an intermediate, more holistic
approach that has clear, well-defined rules
and that is conditional on the pursuit of goals
higher than personal gain.

We therefore advocate for (and practice)
increased transparency in statements of
competing interests (both financial and
related to intellectual property) and a
more rigorous clarification of funders’ and
sponsors’ roles within the dissemination
process, including presentations at
scientific meetings and the publication
of peer-reviewed primary research data,
treatment guidelines and review articles.

We also think that academicians should
participate mostly — if not exclusively

— in upstream scientific discussions and
collaborations in which both the content
and the outcomes are not responsive to (or
controlled by) the sponsors (that is, advisory
boards should be reserved for honest
discussions about potentially available
therapeutic assets and study designs but not
as a vehicle to ‘shape the message’ of a given
product). Importantly, when contributing

to educational activities, the content and

its presentation should be fully developed
by the investigators in an independent
manner and without the participation of any
industry representative, whether medical or
commercial.

To be clear, we are not proposing that
the ultimate authority of knowledge belongs
to a select group of researchers and truth
can only be attained exclusively through
the application of the scientific method to
unsolved problems. Our overall point is not
to necessarily give pre-eminence to hard
science over qualitative or multicultural
research, but rather to restore its value in
general and particularly in the specific inter-
actions between physicians, researchers and
health-care providers. We are saying that the
current paradigm will necessarily be prone
to self-perpetuating bias, misinformation
and a consequent lack of progress should it
continue its march towards an asymmetric
dialogue in which the discourse is heavily
dominated by less rigorous, non-evidence-
based, opinion-driven dissemination of
medical content.

Consequently, and based on the outlined
challenges and observations, we believe that
in order to advance the field, innovative
models that integrate a wide range of applied
basic, clinical and translational knowledge
are needed in order to synergize the many
inherent strengths (that is, human and
intellectual capital) available across industry
and academia.

Solutions and future prospects

The French philosopher Michel Foucault
published The Order of Things: An
Archaeology of the Human Sciences™, in
which he arrives at his central premise
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that each historical period contains certain
underlying epistemological assumptions
that determine what is acceptable as
scientific discourse. The episteme of the
current scientific period remains to be
elucidated, but it is certainly one that

has so far brought an unprecedented
understanding of the human body and its
molecular and cellular networks through an
ongoing liaison between bio-mathematical
modelling and biomedicine that enables the
understanding of complex structures and
systems. Simultaneously, however, our era
is marked by complexities and ambiguities.
In today’s paradigm, academic institutions
mutate into corporate endeavours with
return-on-investment as their mantra for
progress and survival, whereas for-profit
pharmaceutical companies absorb some

of the brightest minds in the field.

Given these new realities, the time seems
ripe to reconsider the partnership between
investigators and industry. Furthermore,
we are convinced that interactions between
pharmaceutical companies and academia
can be highly innovative, lead to new
concepts in disease pathogenesis, and
advance the fields of rheumatology and
immunology. However, such interactions
need to go far beyond opinion-based
spreading of information, as is often
mediated by the current KOL-driven
model. A truly scientific dialogue between
academic scientists and industry is needed
more than ever, but these interactions
could (and should) be re-balanced towards
innovation-driven and data-driven science.
We therefore propose that innovation
and knowledge — rather than opinion —
should constitute the foundation of the
liaison between industry and academic
scientists, and hence, an ‘innovation and
knowledge leader’ (IKL), rather than a KOL,
would be best suited for these interactions,
ultimately leading to a long-term, mutually
beneficial, innovation-driven, symbiotic
relationship in pursuit of medical and
scientific solutions for patients and society
at large. TABLE 1 outlines the characteristics
of the IKL and compares them with those of
the traditional KOL.

Good examples are available in which
interactions between IKLs and industry
have led to outstanding advances in both
immunology and rheumatology. In fact,
breakthrough technological discoveries
in immunology with relevance to rheuma-
tology emerged from interdisciplinary
collaborations of IKLs clustered in academia-
like, science-driven institutions, which were
founded (and funded) by private sources.
Such innovations include hybridoma-based

monoclonal antibody production at The
Basel Institute of Immunology (funded by
Hoffman La Roche)™, the discovery and
targeting of IL-23 at DNAX (funded by
Schering Plough)*® and the development
of B cell-depleting strategies by targeting
CD20 at Biogen IDEC”. Another nota-
ble example is the Immunology Catalyst
Program designed by GlaxoSmithKline,
which was dedicated to providing outstand-
ing scientists with a 3-year sabbatical at
the company’s research and development
hub with full access to compounds and
technologies™, or the joint venture approach
illustrated by the Industry-University
Cooperative Research Centers Program
(IUCRC) in the USA. One can hope that
similar initiatives will further proliferate, as
they provide unique opportunities to study
potentially interesting compounds ‘on the
shelf’ that might be re-discovered, re-used
and/or re-orientated in unexpected ways.
Furthermore, to enhance the
understanding of the molecular pathogenesis
of rheumatic diseases such as rheumatoid
arthritis and systemic lupus erythematosus,
multi-centre, multi-stakeholder, public—
private partnerships have been established
with the aim of better characterizing the
molecular landscape of these diseases
and of defining new treatment targets.
For instance, the Accelerating Medicines
Partnership (AMP) consortium in the USA
is extraordinarily successful and has already
served the joint interest of academia and
industry to discover entirely new immune
cell populations that orchestrate tissue
inflammation, and has provided unbiased
insights into human disease including the
master regulators of the disease process™*.
Similarly, the Innovative Medicine Initiative
(IMI) in Europe, which is funded by the
European Union as well as partners from
the European Federation of Pharmaceutical
Industry (EFPIA), has made breakthroughs
in understanding the molecular
pathogenesis of rheumatic diseases and
defining new treatment targets*"*>. Without
question, such partnerships would not be
as fruitful if they lacked the high level of
innovation that IKLs contribute to such
projects. We are also convinced that, even
when organizational skills are important for
managing and executing such projects, these
skills would not have the capacity to move
the field forward and would most likely
result in ‘me too’ projects if not paired with
a critical level of innovation and knowledge
(FIC. 1). Most importantly, and owing in large
part to the ‘honest broker’ role of the NTH
and European Union, such initiatives all
but ensure that public funding and private

investments from industry are mostly
directed towards knowledge and innovation
with little or no room for opinions.

Another productive way in which
industry is currently supporting IKLs at
academic institutions is by the awarding
of grants through non-profit organizations
such as the Rheumatology Research
Foundation in the USA or the Foundation
for Research in Rheumatology in Europe,
as well as disease-specific non-profit
organizations, such as the National Psoriasis
Foundation, the Lupus Foundation of
America and the Scleroderma Foundation,
to name a few">*,

Thus, a number of instruments are
already in place that strategically foster
industry-academia cooperation for gaining
scientific knowledge. Importantly, these
instruments will require mechanisms
to maintain and forward-feed these
collaborative efforts. Recalibrating
the partnership model towards the
strengthening of engagement focused on
knowledge and innovation is one such
approach. However, these initiatives cannot
(and should not) be driven exclusively by
industry; endorsement by academic centres
is equally critical. Take the case of academic
recognition in relation to the development
of clinical trials and dissemination of
their results. Currently, investigators are
almost entirely credited on the basis of
authorship and citation metrics. However,
such measurements do not distinguish
whether the conceptualization of a given
study, the source of the accrued data
and/or the writing of a manuscript were the
product of intellectual contributions by
the scientist or if they were generated
by the sponsor in totality. This reward
system, which intermingles industry studies
with academic recognition, ultimately
supports an opinion-based KOL scheme that
discourages the pursuit of more laborious,
albeit independent and innovative, studies.
However, such a system could be modified by
academia in a way that values independent
science and its own intellectual property
while at the same time allowing industry
to present their studies in a more authentic
way. This modification could be achieved
through various mechanisms, including
the application of metric algorithms that
place higher relative weight on independent
contributions for academic promotions and
departmental recognition.

Conclusions

In summary, we are cognizant of the ways
in which economic forces are shaping the
new scientific episteme and believe that
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Fig. 1| Proposed Schett-Scher diagram for academia-industry collaboration. The diagram shows
the relationship between two main factors that dictate the interactions between academia and indus-
try partners: innovation and distribution. Innovation is essential for gaining critical knowledge (know-
ledge horizon; dashed horizontal line), and distribution is essential for gaining visbility (visbility
horizon; dashed vertical line). Academic institutions are traditionally (but not exclusively) knowledge
oriented, whereas industry is mostly (but not exclusively) distribution driven. Models such as think
tanks involving academia and industry require high-level and comprehensive knowledge and distri-
bution (upper right panel). Key opinion leaders (KOLs) are always distribution-oriented but not neces-
sarily knowledge-oriented, with some of them closely situated in the ‘me-too desert’ space (lower right
panel). Innovation and knowledge leaders (IKLs) are spread across the upper two panels according to
their different levels of distribution skills. In rare extremes, IKLs in ‘ivory towers’ have a great deal of
knowledge but poor distribution skills (upper left panel). IKLs with better distribution skills, however,
are well suited to sustained innovative academia—industry partnerships and collaboration.

the authors’ voices can help to reorient the
conversation towards critical thinking and
innovation. We are firm defendants of the
benefits that the enlightenment has brought
to science over the past several decades and
believe that academic-industry relations
should move away from an opinion-driven,
commercially immersed discussion

and closer to a knowledge-generating,
problem-solving cooperation. Unlike

facts, opinions reflect personal statements
based on values and beliefs and cannot
definitively be proved or disproved

by objective evidence. Although this
opinionated discussion is acceptable and
certainly admissible in liberal democracies
founded around the concepts of liberty and
freedom of speech, we should be careful

that they do no dominate the discourse

on any field, particularly in the sciences.
Otherwise, we will surely lose all sense of
factual, evidence-based, critical thinking
that has provided so many advances for
humankind. Efforts to reinvest in knowledge
and innovation, rather than merely the
dissemination of opinions, will enable

the development of new ideas, which in
turn will refresh the field and ultimately
provide the basis for the mutually beneficial,
long-term sustainability of immunology,
rheumatology and the pharmaceutical
industry alike.
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