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 CURRENT
OPINION Rural health issues in rheumatology: a review

Day S. Lennep, Teresa Crout, and Vikas Majithia

Purpose of review
Early access to rheumatology is imperative to achieve appropriate outcomes in rheumatologic diseases. But
there seems to be a significant gap and disparity in the access to rheumatology care between urban and
rural areas. This review was undertaken to analyze this issue.

Recent findings
A significant delay in diagnosis of rheumatic disorder has been correlated to the travel distance to
rheumatologist. It is also clear that currently, a significant rheumatology workforce shortage exists and is
projected to worsen significantly, thereby making this gap and disparity much bigger.

Summary
The scope of this gap and disparity in rheumatology care for rural patients remains incompletely defined
and quantified. It is felt to be a significant issue and it is important to invest resources to obtain information
about its scope. In addition, a number of solutions already exist which can be implemented using current
network and infrastructure. These include relatively low-cost interventions such as patient navigator, remote
rheumatology experts and if possible tele-rheumatology. These interventions can assist temporarily but a
major improvement will require policy change at federal and state government level as well as involvement,
buy-in, and incentivization of the providers and health networks providing rheumatology care.

Keywords
access, racial disparity, rheumatology, telehealth, work-force shortage

INTRODUCTION AND BACKGROUND

If you work in a rheumatology practice in Missis-
sippi, your patients may travel 200 mi from their
hometown to obtain care for rheumatic diseases. It
is felt that there continues to be a significant gap
between access to rheumatology care in rural versus
urban health settings, but there is no clear data that
supports this hypothesis. There are limited to no
studies that have shown that access is different
between urban versus rural settings.

Early access to rheumatology is imperative to
achieve appropriate outcomes in rheumatologic dis-
eases. This has been shown across multiple studies
and disease states. Among patients with rheumatoid
arthritis, access to rheumatologists leads to early
access to disease-modifying antirheumatic drugs
(DMARDs), and it is associated with reduced racial
disparities in DMARD use and overall improved
quality of care and outcomes [1–3]. Similarly, sys-
temic lupus erythematosus (SLE) patients who travel
significantly further for their care and have lower
socioeconomic status tend to have poorer outcomes
and consistent monitoring and appropriate use of
immunosuppressants for SLE can reduce morbidities
including end-stage renal disease and premature
coronary artery disease [4,5]. Differences in access

to subspecialty care may contribute to the known
disparities in SLE morbidity and mortality by
income, sex, race, and ethnicity [4,5]. Expediting
the diagnosis and treatment of rheumatic diseases
reduces disparities and is the right thing to do.

What is not clear, is what are the differences
amongst rural versus urban settings that can be
explained by differences in insurance, race, ethnic-
ity, primary language, or socioeconomic status and
not the geographic location. Rheumatology leaders
have expressed that the need for rheumatology in
rural areas is likely going to increase. It has also been
suggested that this demand will, likely, keep reim-
bursement levels competitive and make it a good
business model to go outside the city. Yet, there are
two major factors impacting this issue and likely will
make lack of access worse. First, the government
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KEY POINTS

� There is a significant lack of data about the scope of
the access to rural rheumatology health and factors
which contribute to it.

� It does seem that there is a big gap in access to and
quality of rheumatology care for rural patients as
compared with the urban patients.

� The current gap outlined above is likely to get
much worse.

� There are a number of interventions available to
address this problem, and it will require a multifaceted-
multidisciplinary approach to make an impact on it.

Epidemiology and health-related services
healthcare reform has not been favorable to rural
locations, and a number of rural hospitals have
closed or are at high risk for closing [6]. This has
and will lead to a significant downstream effect as
losing these facilities can have a devastating impact
on communities both immediately, as one of the
area’s largest employers, and long term because the
lack of a hospital makes it harder to bring in new
employers thereby impeding the potential recovery.
At the same time, it is very clear that there is
currently a significant rheumatology workforce
shortage which is projected to worsen [7

&&

]. A rheu-
matology work-force study showed that the esti-
mated demand exceeded the supply of clinical
providers in the 2015 Full-Time Equivalent by
12.9%; by 2030, the demand is projected to exceed
supply by 102% [7

&&

]. This study also addressed the
presence of disparities in the access to rheumatology
care between urban and rural areas. The study paints
a very grim picture of access to rheumatology in
general and rural rheumatology in particular.

Hence, we set forth to review this topic and offer
some potential solutions. Our manuscript focuses
specifically on the access to adult rheumatology
care and its scope does not include pediatric
rheumatology which seems to have a worse supply
to demand ratio.
EPIDEMIOLOGY/SCOPE/CURRENT STATE
OF ISSUE

Improved outcomes in rheumatic diseases such as
rheumatoid arthritis and SLE are associated with early
diagnosis and initiation of treatment with a DMARD
[8

&&

]. Nonrheumatologists are more prone to delay
treatment, which can lead to worsening long-term
outcomes of rheumatoid arthritis [9]. Patients with
SLE in lower socioeconomic status groups are more
likely to identify a nonrheumatologist as the onewho
 Copyright © 2020 Wolters Kluwer H
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primarily manages his or her SLE. To that end, SLE
patients who are managed by nonrheumatologists
are less likely to be on hydroxychloroquine [10]. This
highlights the importance of early evaluation by a
rheumatologist to begin aggressive treatment early in
the disease course.

Unfortunately, many patients with rheumatic
diseases do not have easy access to a rheumatologist,
and this lack of access will continue to worsen.
According to a workforce study, by 2030, there will
be a shortage of 4100 full-time rheumatologists [7

&&

].
This is because of multiple variables, such as retire-
ment of baby-boomer clinicians and an increase in
female and part-time clinicians [7

&&

]. Given patients
in rural areas are more often required to travel longer
distances to find rheumatology care, this will further
increase the burdens experienced by rural commu-
nities [11]. As of 2005, it was estimated that almost
2.5 million patients in the United States were need-
ing to travel over 100 mi to receive care by a rheu-
matologist [12]. In a South Carolina cohort, it was
found that the average time for lupus patients to
lupus-associated medical care was 57 min [13]. As
one would expect, the further distance required to
receive lupus-associated medical care, the more dif-
ficult it was to keep appointments and the greater
the stress the patients experienced [13].

In addition to the known burdens such as travel,
rural community demographics also play a large role
in these communities’ long-term healthcare. Rural
populations often have worse outcomes and are less
diverse than urban communities. Compared with
non-Hispanic whites, rural ethnic minorities tend to
be younger, have a lower education level, and have
lower income [14]. All racial/ethnic minority pop-
ulations stated that they were less likely to have a
personal healthcare provider than non-Hispanic
whites [14]. Amongst rural adults, multiple chronic
health conditions are more common in non-His-
panic blacks and American Indians/Alaska Natives
[14]. Given that many rheumatologic diseases, such
as lupus, are more common among minority racial
and ethnic groups, these findings reveal the urgency
of improving access to our rural communities.
FACTORS CONTRIBUTING TO THE ISSUE

In primary and specialty care, it is known that closer
proximity to physicians is associated with better
quality of care [11]. It has also been shown that
the further a person lives away from a rheumatolo-
gist, the less likely that patient is to have a diagnosis
of rheumatoid arthritis [15]. Based on this, it is likely
that there is a delay in diagnosis of rheumatoid
arthritis, as well as other rheumatologic diseases,
leading to a delay in treatment. Using Medicare
ealth, Inc. All rights reserved.
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patient data, Schmajuk et al. [11] showed that rural
areas had a larger percentage of patients that were
traveling least 90 min. Interestingly, the largest
proportion of patients that were driving 90 min or
more was likely to be Caucasians.

Barriers such as insurance status and low-income
status are commonly thought to be additional con-
tributing factors in reduced access to the rheumatol-
ogycare, but thedataare limited.Thishas beenclearly
shown in context of overall healthcare and specific
diseases and is felt to contribute to the issue [16

&

,17
&

].
A 2015 workforce study indirectly showed

significant disparity in the geographic distribution
of access to rheumatology based on the national
regions [7

&&

] (Fig. 1). Analyzing the maps further
including overlapping the map of metropolitan sta-
tistical area in granular detail including the further
suggests that there is a huge disparity in distribution
of rheumatologists between the urban and rural
areas of United States [7

&&

] (Figs. 1 and 2). The
number of patients per adult rheumatologists is
highest in southeast and southwest regions of the
United States [7

&&

]. This may be explained by these
regions having a high proportion of rural popula-
tion areas. However, it remains unclear if there is a
disparity because of this distribution.
 Copyright © 2020 Wolters Kluwe
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RACIAL/ETHNIC ISSUES
Research has focused on racial and ethnic disparities
in health but there is still much information needed
in how living in a rural setting impacts these dis-
parities. By trying to understand the underlying
factors, the hope is to better target them to promote
equitable access to care. It is not well understood
how this relates to rural health, and more specifi-
cally, rheumatology. However, at this point, there
is information from other diseases that can be exam-
ined to try to gain understanding.

In an effort to answer the question of potential
differences in access to healthcare for rural versus
urban communities, Caldwell et al. [18] looked at
surveys and census tracts. They examined outcomes
including access to usual source of healthcare, cho-
lesterol screening, cervical screening, dental visits
within recommended intervals, and healthcare
needs met. African Americans in rural areas had
lower odds of cholesterol screening and cervical
screening, whereas there were mixed results in
regard to which group had better access to health-
care. Based on their information, the authors con-
cluded that rural status confers an additional
disadvantage for most of the healthcare measures,
independent of healthcare supply and poverty [18].
r Health, Inc. All rights reserved.

mber of patients/physician by region. Retrieved from
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FIGURE 2. New metropolitan and micropolitan statistical areas (Health Resources and Services Administration. Shortage
designation: health professional areas and medically underserved areas/populations. Retrieved October 02, 2019: http://
www.hrsa.gov/shortage/.

Epidemiology and health-related services
In another attempt to assess racial/ethnic dis-
parities within rural areas, 263 054 adults in rural
counties across all 50 states and District of Columbia
were analyzed. As highlighted earlier, minorities
other than non-Hispanic whites in rural areas were
poorer had lower educational level and less likely to
have a personal healthcare provider [14]. Non-His-
panic blacks (73.2%) and Hispanics (61.1%) were
also more often uninsured compared with non-His-
panic whites (83.9%) [14].

In one study, Centers for Disease Control and
Prevention data on cervical cancer stage at diagnosis
from 2010 to 2014 was analyzed for how it associ-
ated with rurality and race/ethnicity. Of 59 432
incident cases of cervical cancer, at every stage of
cervical cancer, non-Hispanic white women in rural
counties had higher incidences than those in urban
counties; non-Hispanic black and Hispanic women
had higher incidences than non-Hispanic white
women [19

&

].
Cervical cancer and dental visits are not rheu-

matologic disease, but this information sheds light
on some of the racial/ethnic disparities in rural
settings and could be useful to see how it might
affect rheumatologic disparities. Underlying differ-
ences in health status, access to insurance and hav-
ing a usual source of care are factors that can greatly
 Copyright © 2020 Wolters Kluwer H
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impact access to a rheumatologist. For example,
most rheumatologists require a referral by primary
care first before even seeing the patient in their
subspecialty clinic. Without even having insurance
or an established primary care provider, it is even
more unlikely they will reach a rheumatologist’s
office.
FUTURE

As previously stated, there appears to be growing
interest to obtain data in regard to rural health
issues, but a paucity of data still remains, especially
as it relates to rheumatology. It is a national goal to
eliminate health disparities, rheumatologists
included. More research is needed to better under-
stand the complex relationship between access to
care, distance, insurance availability, racial/ethnic
disparities, and geographical location to the nearest
rheumatologist. Clarifying the associations and fac-
tors to better understand any limitations to care
would likely be helpful.
POSSIBLE SOLUTIONS

Although the best solution is to train more rheuma-
tologists, and in the past the American College of
ealth, Inc. All rights reserved.
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Rheumatology (ACR) increased fellowship spots
based on 2005 workforce study, it is unlikely this
will meet the demand of the projected need for
rheumatologists, particularly serving rural popula-
tions. The 2015 study further corroborates this con-
clusion. Hence, innovative approach and pragmatic
solutions are needed to approach this complex
problem.

Various solutions have been evaluated to try to
improve patient access to rheumatologic care which
will need to be tried and tested in real settings to
assess their efficacy. In Massachusetts, a survey to
Community Health Center Medical Directors eval-
uated potential interventions to improve rheuma-
tology access in underserved areas [10]. Several
options were provided, which included developing
a patient navigator, someone in the community
who provides education and advocacy to help guide
patient through healthcare system, telemedicine,
having access to a remote rheumatology expert–
nurse practitioner/physician’s assistant or rheuma-
tologist or providing personalized health informa-
tion and educational material to patients [10]. The
top preference overwhelmingly in this group was to
have a patient navigator and having a health pass-
port or remote access to rheumatology expert were
also felt to be other top options [10]. Interestingly,
telerheumatology was the least preferred choice.

A different approach was used in New Mexico.
Here, an educational approach was applied via Proj-
ect Extension for Community Healthcare Outcomes
(ECHO), wherein primary care providers (PCPs) were
trained in rheumatologic care via the tele-ECHO
program. The goal was for PCPs to gain better knowl-
edge and understanding in rheumatology to more
effectively diagnose and care for their patients [8

&&

].
The New Mexico group worked with ACR and in
turn participants of this ‘mini-residency’ were
offered the option of obtaining credentialing in
rheumatology. These PCPs had a perceived change
in practice, found themselves educating others, and
recruited others to the tele-ECHO network.

Another option is to consider rheumatology
telemedicine, or telerheumatology, to reduce travel
burdens associated with visiting rheumatologists.
With telerheumatology, you can limit in-person
follow-ups, particularly on stable patients needing
medication monitoring and refills. It can also be
used to screen patients who don’t have rheumatic or
inflammatory conditions. This can help prioritize
patients for in-person rheumatology evaluations
[20

&&

]. Not only can telemedicine reduce time lost
from travel, in turn increasing compliance and
access, it can also help alleviate personal expenses.
The logistics of telemedicine, such as cost, reim-
bursement, and finding local medical facilities to
 Copyright © 2020 Wolters Kluwe
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utilize, make this a more cumbersome task, but may
be the future to improving access to rheumatology
[12].

There are examples of innovative approach by
rheumatology care providers groups who have
already found the limited access in rural area as
an economic opportunity and are using their own
resources and current infrastructure to expand their
footprint in a profitable way and providing care to
rural rheumatology patients. Premier specialty net-
work based out of Missouri works with multiple
providers in rural areas who provide services to more
than 60 rural hospitals in 6 states. These groups
show that investing in the right group of people
with right incentives can lead to positive results to
address the current gap.
DISCUSSION AND FUTURE DIRECTION

If the data presented so far shows one thing, it is that
‘we really don’t know exactly how to define and
quantify the rural issues in rheumatology.’ Yet, it
appears very clear that we are way behind the ‘eight
ball’ in this game. There is no question that timely
access to rheumatologists is necessary to ensure
appropriate diagnosis and standard of care therapies
for this patient population.

We would like to highlight some important
inferences from this review. There seems to be a
significant dearth of dependable data providing
information about the access to care in rural areas
in general and rheumatology in particular. How-
ever, it does seem that there is a gap in access to
and quality of rheumatology care for rural patients
as compared with the urban patients based on sec-
ondary inferences and this gap is likely to get much
worse. On a positive note, a number of interventions
are possible to address this problem, and it will
require a multifaceted-multidisciplinary approach
to make an impact on it.

We recommend that some of these potential
interventions be considered to help tackle the prob-
lem. Policy change and intervention is a really
important and perhaps the most important to the
scope of this problem. Obtaining reliable data about
this gap cannot be accomplished without a govern-
mental initiative and coordination of multiple agen-
cies. Incentivizing rural practices or establishing
infrastructure to use one or more of the possible
solutions will require state and federal intervention.
As rheumatology providers, advocacy to improve
the infrastructure for providing rheumatology care
in rural areas is an imperative priority to accomplish.
With the current infrastructure, the top two rela-
tively low-cost solutions are improving or providing
a remote access to a rheumatology expert,
r Health, Inc. All rights reserved.
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Table 1. Potential interventions to reduce disparity in

access between rural versus urban areas

Category Focus Intervention

Long-term
solutions

Policy decisions Obtaining data about scope of
problem

Collaboration of state/federal
government

Advocacy

Short-term
solutions

Use of current
infrastructure

Remote access to a rheumatology
expert

Patient navigator

Telehealth and telerheumatology

Education initiatives

Incentivizing current and future
providers

Epidemiology and health-related services
physician/nurse practitioner/physician’s assistant
and/or having an assigned patient navigator to
improve the rheumatology access. Having a patient
passport can also improve the situation but is hard
to accomplish practically. Telehealth and secondar-
ily, telerheumatology remain an exciting and per-
haps most plausible long-term solution because of
its many advantages but has a higher cost and
infrastructure requirement. Figuring out if there
are other groups providing or willing to provide
the rural rheumatology care and incentivizing them
could be an easy and low-hanging fruit possibility if
data supports it. In the interim, providing education
to the rural providers – in format similar to Project
ECHO is a cost-effective solution and can utilize the
current network of academic and private practice
providers and possibly use private industry support
to help improve the current situation (see Table 1).
SUMMARY

An early access to rheumatology care is significant to
achieve appropriate treatment and outcomes in rheu-
matologic diseases. There are major gaps and dispar-
ities in the access to rheumatology care for rural
patients. The scope of the problem remains incom-
pletely defined and quantified and it is important to
invest resources in getting better data to understand
the scope. Simultaneously, a number of potential
solutions exist to address the current situation and
we recommend educating the current providers
using current infrastructure to implement the inter-
ventions such as patient navigator, remote rheuma-
tology expert and if possible telerheumatology.
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urban counties, highlighting the differences in rural versus urban settings.
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This study showed how telerheumatology was received by patients at the Veterans
Affairs. It also shows how to consider utilizing telemedicine, which seems to be on
the rise, as another option to increase access to rheumatologic care.
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 CURRENT
OPINION Comorbidities in gout and hyperuricemia: causality

or epiphenomena?

Nicholas A. Sumptera, Kenneth G. Saagb, Richard J. Reynoldsb,
and Tony R. Merrimana

Purpose of review
To review advances in the understanding of potentially causal relationships between gout, hyperuricemia
and comorbidities.

Recent findings
Observational studies reveal 4–5 comorbidity clusters in gout patients. There tend to be gout alone, gout
with chronic kidney disease and gout with other metabolic comorbidities. However, heterogeneous study
populations and confounding make inference difficult for causal relationships. Mendelian randomization
leverages genetic information as an instrumental variable to indicate putatively causal relationships
between traits of epidemiological interest. Thus far, Mendelian randomization has not indicated
widespread causal relationships of serum urate for comorbid traits. However, BMI has a small causal effect
on serum urate, which may partially explain the increased prevalence of metabolic syndrome and
cardiovascular disease among those with gout and hyperuricemia. There is a lack of robust and sufficiently
powered Mendelian randomization studies for many serum urate-associated traits, such as hypertension.
No adequately powered studies have been completed for gout and its comorbidities.

Summary
Although observational studies indicate putative causal effects of serum urate on comorbidities, Mendelian
randomization studies suggest that serum urate does not have a causal role on the various tested
comorbidities. There remains work to be done in clarifying the causal role of gout per se on the same
traits.

Keywords
causality, comorbidities, gout, hyperuricemia, Mendelian randomization

INTRODUCTION

Several common comorbidities have a higher prev-
alence among gout patients [1–3]. For example, a
comprehensive study compared the prevalence of
various diseases between individuals with and
without gout in the NHANES 2007–2008 cohort
[3] (Table 1). Overall, these traits can be split into
three categories: renal disease [chronic kidney dis-
ease (CKD) and nephrolithiasis], metabolic syn-
drome (hypertension, diabetes and obesity) and
cardiovascular disease (CVD) [heart failure, myo-
cardial infarction (MI) and stroke]. In Table 1, it is
evident that for most comorbidities, gout cases
have a higher prevalence than individuals with
hyperuricemia (gout inclusive). When directly
comparing the age-adjusted and sex-adjusted odds
ratios (ORs) for both gout vs. nongout and hyper-
uricemia vs. nonhyperuricemia, only hyperten-
sion, diabetes, nephrolithiasis and CVD traits
showed a higher OR for the gout analysis in

comparison to the hyperuricemia analysis. CKD
and obesity instead showed larger ORs in the hyper-
uricemia analysis, which may indicate that hyper-
uricemia contributes to these relationships more
than does the inflammatory processes of gout. An
alternative explanation is that adjusting the ORs
for age and sex may have removed confounding
present in the unadjusted prevalence measures. By
stratifying into gout/nongout, Zhu et al. [3] found
that hyperuricemia was still associated with comor-
bidities, possibly indicating an independent effect
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KEY POINTS

� Observational studies of the relationship between gout,
hyperuricemia and comorbidities have identified some
putative causal pathways, although the evidence has
been conflicting in many cases, likely because of
residual confounding and reverse causation.

� Mendelian randomization studies in serum urate have
shed light on the causal relationships between
hyperuricemia and comorbid conditions.

� Some Mendelian randomization studies have triggered
controversy because of their direct contradiction of
observational studies. However, the robust nature of
these Mendelian randomization studies suggests that
there is unmeasured confounding occurring in existing
observational studies.

Comorbidities in gout and hyperuricemia Sumpter et al.
of both gout and hyperuricemia. Further to this,
the authors also observed a clear dose–response
relationship between incrementally increased
serum urate levels and prevalence of comorbidities.

Hyperuricemia and gout should always be
treated separately in studies of causality. This is
important as gout is a disease with several stages,
the first being hyperuricemia, then formation of
monosodium urate crystals, and then an inflamma-
tory response to those crystals, with some cases
developing tophi [4]. Each of these stages in the
progression toward gout will likely have different
etiological factors, which may in turn lead to differ-
ent causal relationships with comorbidities. From a
genetic standpoint, we know the most about hyper-
uricemia genetic control, essentially nothing about
the genetics of crystal formation and relatively little
about the genes involved in the inflammatory
aspect of gout and formation of tophi [5].
Overall, the causal relationships between gout,
 Copyright © 2020 Wolters Kluwe

Table 1. Prevalence (%) of gout comorbidities in gout vs. nongou

Comorbidity Gout Nongout OR [95% CI]

Hypertension 73.9% 28.9% 4.19 [2.75, 6.39]

CKD � stage 2 71.1% 42.1% 1.75 [1.23, 2.49]

Obesity 53.3% 32.8% 2.35 [1.55, 3.57]

Diabetes 25.7% 7.8% 2.36 [1.49, 3.73]

Nephrolithiasis 23.8% 8.4% 2.10 [1.39, 3.18]

CKD � Stage 3 19.9% 5.2% 2.32 [1.65, 3.26]

MI 14.4% 2.9% 2.37 [1.54, 3.65]

Heart failure 11.2% 2.0% 2.68 [1.88, 3.83]

Stroke 10.4% 2.9% 2.02 [0.98, 4.19]

Age and sex-adjusted ORs are also shown alongside their 95% confidence intervals

1040-8711 Copyright � 2019 Wolters Kluwer Health, Inc. All rights rese
hyperuricemia and their comorbidities are not fully
understood, and there have been several contradict-
ing studies, suggesting that these relationships are
complex [6]. This is highlighted by an umbrella
review, which shows that the only convincing
causal associations with serum urate over hundreds
of different studies are those with gout and neph-
rolithiasis [7

&&

]. A strong argument can be made for a
causal role of serum urate on hypertension [8];
however, this is yet to be supported by Mendelian
randomization studies.

To deconvolute the relationships between these
traits, several epidemiological methods have been
employed. Most of these are observational studies
that correlate the presence of these traits while
adjusting for measured potential confounders [9–
11]. Although these methods do help to clarify the
putative relationships between variables, they are
subject to a large amount of bias related to residual
confounding (i.e. the presence of unmeasured con-
founders) and the potential for reverse causality in
studies that are not prospective. These issues can be
addressed through various means using the causal-
ity guidelines as originally summarized by Sir Austin
Bradford Hill in 1965 [12]. There were nine total
considerations mentioned by Hill: strength, consis-
tency and specificity of association, temporality (i.e.
exposure prior to outcome), dose–response relation-
ship, biological plausibility, coherence (i.e. it should
not seriously conflict with other observations),
reversibility and finally presence of analogous sit-
uations. These guidelines were not intended to act as
criteria for causality but were simply designed to
improve one’s understanding of the likelihood of a
putative causal relationship, and thus some of these
guidelines may not apply in specific situations [13].
Several of these can simply be tested using observa-
tional epidemiology along with a thorough search
of the literature, although others (such as biological
r Health, Inc. All rights reserved.

t and hyperuricemia vs. nonhyperuricemia individuals

Hyperuricemia Nonhyperuricemia OR [95% CI]

49.7% 25.5% 2.60 [2.15, 3.14]

61.4% 38.2% 2.33 [1.94, 2.80]

54.4% 27.6% 3.12 [2.43, 4.01]

13.5% 7.1% 1.63 [1.13, 2.34]

12.3% 8.3% 1.40 [1.07, 1.83]

14.8% 3.3% 3.96 [2.63, 5.97]

5.1% 2.8% 1.45 [1.12, 1.88]

5.1% 1.6% 2.52 [1.58, 4.04]

5.7% 2.4% 1.74 [1.16, 2.59]

. Adapted from [3].
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plausibility) typically require further experimental
and clinical research.
RECENT OBSERVATIONAL STUDIES OF
GOUT AND COMORBIDITIES

Over the past 18 months, many observational stud-
ies have examined the relationships between gout,
hyperuricemia and their comorbidities (Fig. 1) [14–
16]. There has been a focus on the clustering of
comorbidities, which can aid in the clarification
of causal pathways, as causally related traits are,
in theory, more likely to cluster together. For accu-
rate comparison, however, these studies require
 Copyright © 2020 Wolters Kluwer H

FIGURE 1. Summary of the clusters identified in [14] along with
labeled based on their distinguishing features, differentially-shade
sizes reflect relative proportions. Note that there is a significant a
separately for simplicity.

128 www.co-rheumatology.com
large, relatively homogeneous study populations,
ideally clustering based on the same traits. The first
cluster analysis of 2763 gout patients identified five
clusters: isolated gout (12% of gout patients); all
obese with no diabetes, CKD or CVD (17%); com-
mon type 2 diabetes with liver disorders (24%);
dyslipidemia with a low prevalence of obesity, dia-
betes, CKD and CVD (28%) and CVD, CKD and
hypertension with frequent diuretic use (18%)
[14]. More recent studies, described below, have
looked at clusters among both gout patients and
the general population, with the general population
clusters showing distinct differences in the risk of
gout. Although there are similarities between the
ealth, Inc. All rights reserved.

the two more recent cluster analyses [15, 16]. Clusters are
d to show similar clusters in separate analyses and relative
mount of overlap between clusters; however, they are shown
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clusters identified by Richette et al. [14] and the
more recent cluster analyses [15

&

,16], the various
gout cohorts were relatively heterogeneous, making
direct comparison between the studies difficult.

A cluster analysis performed in a UK cohort of
1079 gout patients [15

&

] identified four clusters: a
CKD cluster (18%); an isolated gout cluster (36%);
a metabolic syndrome/CVD cluster (27%); and a
hypertensive cluster with high prevalence of obesity
(18%). They also found that allopurinol use was up to
13% higher in clusters with multiple comorbidities
whencomparedto the isolatedgoutcluster. Similarly,
another study identified an increased risk of comor-
bidities among those on allopurinol vs. those not on
allopurinol [17]. A further study examined controlled
vs. uncontrolled gout (based on serum urate levels
below 6 mg/dl) and found that there was a clear
increase in risk of comorbidities when uncontrolled
[18]. A possible explanation is that comorbidities
may result in an increased risk of gout flares and thus
a higher likelihood of being prescribed allopurinol.

A cluster analysis of the NHANES 2007–2016
dataset identified five clusters [16]. The clusters
included a group almost entirely exhibiting CKD
(15% of the population), those with isolated gout
and fewer comorbidities (40%), diabetes without
heart failure, CKD or CHD (14%), a cluster with a
large proportion of liver disease patients and lipid
abnormalities (16%) and finally those with common
CHD and heart failure (15%).

A total of 22 057 individuals from the Swedish
general population were used to identify five clus-
ters, which were then analyzed for their respective
risks for gout incidence [19]. Most individuals (73%)
showed few comorbidities; this cluster was far more
common in this population than the 12–40% in the
three previously described studies. The remaining
clusters included a renal dysfunction group (3.4%), a
CVD and ‘lifestyle’ (i.e. high rates of smoking and
alcohol) group (2.4%), an obesity and lipid disorder
group (16.7%) and finally a diabetes and hyperten-
sion group (4.7%). In all the groups with comorbid
conditions, there was an increased risk of incident
gout, with a roughly similar doubling of risk for each
group. Most gout cases were in the few comorbid-
ities group, which suggests that there is another
pathway involved in these cases that does not
involve comorbidities, with a possibility that serum
urate-related genetic variants are playing a stronger
role. In general, there could be a genetic component
to gout that is independent of comorbid conditions,
this is supported by a study that found a similar
genetic risk for gout in various BMI strata [20].

A recent study investigated the role of comor-
bidities in the onset of gout, independent of their
effect on serum urate levels [21]. It was confirmed
 Copyright © 2020 Wolters Kluwe
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that systolic blood pressure was a risk factor for gout
incidence (independent of measured covariates),
along with African American ancestry. Interestingly,
this differed significantly from prevalent gout,
which showed independent effects of sex, age,
BMI and glucose. Another study found the inci-
dence of gout more than doubled between 1990
and 2010 for the Olmsted County of Minnesota,
USA [22]. There was also a significantly increased
risk of comorbid conditions in the 2010 cohort,
suggesting that they too are rising in prevalence
and thus may share common causes or influence
each other directly. These associations of gout and
comorbidities are not restricted to those of European
ancestry; Chinese gout patients also have a higher
risk for comorbidities, with an especially high risk
among those with a long disease duration [23].
MENDELIAN RANDOMIZATION STUDIES
OF GOUT, HYPERURICEMIA AND
COMORBIDITIES

In the 55 years since Hill wrote his seminal article
[12], there have been substantial advances in our
scientific knowledge of chronic common diseases
and the relationships between them. A relatively
recent methodological advancement in deducing
the causal relationship between traits is Mendelian
randomization [24–27]. This technique involves the
use of genetic variants as instrumental variables that
explain a certain proportion of the variance in the
exposure of interest. They can then be modeled
against an outcome to investigate a causal effect
of the exposure on the outcome. The random inher-
itance of these variants at conception essentially
eliminates the issues of reverse causation and resid-
ual confounding, similar to a randomized con-
trolled trial (RCT; Fig. 2) [25]. It is important to
note that these genetic epidemiological methods
are not without limitations themselves, with their
main limitations being bias because of pleiotropic
(indirect) effects of the instrumental variables on
the outcome (or a confounding factor) and, less so in
recent studies, lack of power because of insufficient
strength of the instrumental variable’s association
with the exposure [25]. Techniques for detection
and correction of pleiotropic genetic instruments
have only recently become common practice in
Mendelian randomization studies. Two examples
of these techniques are Mendelian randomization-
Egger [28] and Mendelian randomization-PRESSO
[29], both of which account for pleiotropy, although
in slightly different ways. An example of their use is
shown in Fig. 3, which demonstrates no causal effect
of circulating urate levels on the risk of CKD after the
removal of pleiotropic variants [30

&

].
r Health, Inc. All rights reserved.
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FIGURE 2. Comparison of Mendelian randomization to a randomized controlled trial. Reproduced with permission [25].
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Previous Mendelian randomization studies have
shown that serum urate does not appear to have a
causal role in the development of heart failure, CHD,
stroke and diabetes [31]. Another study showed that
serum urate has a potentially causal protective effect
on kidney function in men, although this was found
to be because of likely pleiotropic effects of a single
 Copyright © 2020 Wolters Kluwer H

FIGURE 3. Detection of pleiotropic variants by observation of re
risk; y-axis). Each point represents an SU-associated variant that w
represent outliers for relative effects that suggest that a pleiotropic
correlation between SU and CKD effect sizes indicates no eviden
chronic kidney disease; IV, instrumental variable; SNV, single nuc

130 www.co-rheumatology.com
locus and thus is unlikely to be a true causal associa-
tion [32]. Raised serum urate levels were found to
likely be resultant from a small effect of increased
adiposity rather than the reverse [33]. No evidence
was found for serum urate causally affecting serum
triglyceride levels, although there was evidence for
a causal role of triglycerides raising serum urate
ealth, Inc. All rights reserved.

lative effect of IVs on exposure (SU; x-axis) vs. outcome (CKD
as identified by GWAS. All points in lighter shade (n¼4)
effect of the IV on the outcome is present. The lack of

ce for a causal effect of circulating urate on CKD. CKD,
leotide variant; SU, serum urate. Adapted from [30].
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in men [34]. A Mendelian randomization study of a
German cohort of roughly 3000 patients who under-
went coronary angiography found a causal role of
genetically defined serum urate on cardiovascular
death and sudden cardiac death, although the same
study did not find evidence for a causal association
with prevalent CVD [35]. In this section, we will
review recent Mendelian randomization studies of
the causal effect of urate and/or gout on various
comorbidities, and then we will cover those comor-
bid traits that are likely causal of gout and/or
increased urate levels. Finally, we will briefly review
the relationship between gout, urate and nonmeta-
bolic comorbidities.

A large Mendelian randomization Phenome-
wide association study (PheWAS) was performed
in the UK Biobank cohort to determine any causal
effects of serum urate on other traits/diseases [36

&&

].
This study initially used a PheWAS approach to
identify all measured phenotypes that were associ-
ated with a genetic risk score of 31 serum urate-
associated loci. Following this, they performed tra-
ditional Mendelian randomization analyses to
explore the causality of these relationships, and
then corrected for pleiotropy. Although the tradi-
tional Mendelian randomization analyses identified
several putative causal relationships, there were no
statistically significant causal relationships after cor-
rection for pleiotropy other than for gout and its
encompassing disease group (crystal arthropathies).

In a recent study, the authors showed through
Mendelian randomization that serum urate is not
likely to be causal of CKD or decreased estimated
glomurelar filtration rate [30

&

]. This study used
seven different Mendelian randomization methods
that all account for pleiotropy, and multiple data-
sets, in order to be as robust as possible. None of the
analyses showed a significant causal effect. This
contradicts the observational findings, which have
led to several RCTs testing for an effect of urate-
lowering therapy on slowing or reversing renal func-
tion decline in CKD [37–40]. Although these RCTs
are the gold standard for identifying causal relation-
ships, the results of this Mendelian randomization
study indicate that these efforts are unlikely to
detect a causal association. Contradictory to this,
Zhang and Li [41] found that the ABCG2 variant
rs2231142 was associated with CKD in a Han Chi-
nese population of 1205 gout patients, although
they did not see an association with allopurinol
response, as has been reproducibly found in people
of European ancestry [42,43]. This study is much
smaller, however, and also represents a different
ancestral group, thus it cannot be directly compared
and may represent true ancestral-specific effects of
urate/urate-associated variants.
 Copyright © 2020 Wolters Kluwe
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The causal role of BMI and waist-to-hip ratio
(adjusted for BMI) on serum urate and gout risk was
investigated using Mendelian randomization [44].
This used a genetic risk score approach, taking a
weighted sum of several BMI-associated variants and
testing for association with gout and urate. They
found a likely causal role for BMI on urate levels and
gout risk, replicating previous studies [33,45].
Importantly, the effect size of genetically deter-
mined BMI on serum urate is extremely small, esti-
mated to be 0.10–0.64 mmol/l per unit BMI, and
thus the likelihood that this explains a large propor-
tion of the observed associations is small [6].

Using Mendelian randomization, Fatima et al.
[46] identified a causal effect of ferritin on urate
levels (but not the reverse) using a meta-analysis
of a variety of New Zealand and US cohorts. Larsson
and Carlström [47] found a likely causal protective
effect of coffee consumption on gout using Mende-
lian randomization. The reliability of this finding
was assessed by Hutton et al. [48] using a mediation
analysis approach, designed to determine whether
this protective effect is mediated by coffee consump-
tion or another factor. They found that coffee con-
sumption was unlikely to be causal of this
association, and that the genetic instruments used
in Larsson and Carlström [47] showed strong evi-
dence for pleiotropy, because of their effect on gout
via influencing serum urate levels, not via their
association with coffee consumption.

In addition to the more common comorbidities,
the role of serum urate and gout in the development
of other nonmetabolic diseases has recently been
investigated through Mendelian randomization by
various groups. The possible causal role of serum
urate on Parkinson’s disease was investigated
through Mendelian randomization and found to
be unlikely to be causal [49]. Another study used
Mendelian randomization to assess the causal effect
of gout or urate levels on bone mineral density in
the UK Biobank cohort [50]. This study replicated
the noncausal association found by a previous study
[51]. Two other Mendelian randomization studies
were published in the last year, one looking at the
effect of gout on Alzheimer’s [52] and the other
looking at the causal effect of smoking on gout
[53]. Neither study found a causal relationship after
accounting for pleiotropy.

Finally, it is important to note that Mendelian
randomization studies are yet to be done testing
for a causal role of the inflammatory process of
gout on comorbidities. Doing these studies awaits
systematic identification by large genome-wide
association study (GWAS) of instrumental variables
associated with gout, but not with serum urate
levels.
r Health, Inc. All rights reserved.
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FIGURE 4. Putative causal pathways between serum urate, gout and their various comorbidities. Note that this has been
distilled for simplicity and represents only a subset of these relationships.
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CONCLUSION

Observational studies indicate clear associations
between serum urate, gout and multiple traits in
three broad categories: metabolic syndrome, CVD
and renal function. Using Mendelian randomization,
these relationships have been assessed for causality,
with most Mendelian randomization studies suggest-
ing that serum urate is noncausal for the different
outcomes. Overall, the causal relationships between
serum urate, and in particular gout, and their various
comorbidities remain largely unclear, although
strong evidence is emerging to suggest important
directionality in their causality. There appears to be
a weak causal effect of BMI on serum urate levels,
potentially explaining a small proportion of the rela-
tionships with metabolic syndrome and CVD, as BMI
is a known causal agent of several other traits in the
metabolic syndrome, such as diabetes [54]. Addition-
ally, there may be feedback loops in which some traits
interact in both directions. Figure 4 shows the puta-
tive causal pathways and the respective evidence for
each of them, note that this has been distilled for
simplicity and as such does not include all relation-
ships between traits/diseases.
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 CURRENT
OPINION Debates in gout management

Abhishek Abhisheka,b

Purpose of review
This review discusses the findings of recently published translational research studies that have the potential
to directly impact on the management of gout patients.

Recent findings
Recent research suggests that treat-to-target urate-lowering treatment (ULT) alongside individualized
education about gout, and shared decision making results in excellent adherence with ULT and prevents
gout flares in the long term. Such interventions should preferentially be delivered face-to-face rather than
remotely. The recently published CARES study raises the possibility that febuxostat increases the risk of
death in people with preexisting major cardiovascular diseases, and, allopurinol should remain the first-
choice ULT. There is paucity of data on the dosing of ULT for managing hyperuricaemia in gout patients
with chronic kidney disease. However, recent research suggests that the dose of allopurinol can be
gradually increased to above the conventional renal dose in people with chronic kidney disease without
allopurinol hypersensitivity syndrome. However, additional larger studies are needed in this field.

Summary
In summary, long-term treat-to-target ULT prevents gout flares and improves quality of life. Given the recent
safety concerns, gradually up-titrated allopurinol remains the first-line urate-lowering drug.

Keywords
allopurinol, chronic kidney disease, gout, ischaemic heart disease, urate-lowering treatment

INTRODUCTION

Gout is a common inflammatory arthritis and
affects 3.9% of the adult USA population [1

&

]. Its
pathophysiology is well understood, and there are
several urate-lowering medicines that have the
potential of providing long-term ‘cure’ from gout
when taken at doses that lower serum urate to below
the treatment target, and for a sufficiently long
period of time. However, the last few years have
witnessed the publication of clinical practice guide-
lines from the American College of Physicians (ACP)
that contradicts existing recommendations from
the Rheumatology societies to treat hyperuricaemia
in gout to a target serum urate less than 6 mg/dl [2–
4]. The ACP recommends to not offer treat-to-target
urate-lowering treatment (ULT) for gout patients
who experience their first flare, or experience infre-
quent flares (defined in the ACP guideline as one or
fewer flares in a year) citing lack of randomized
controlled trial (RCT) evidence [2]. However, the
ACP recommends consideration of long-term ULT
in people with recurrent gout flares (�2 flares/year),
or in the presence of tophi, chronic kidney disease
(CKD) or urolithiasis. Thus, this is an important
issue in gout management, that is to treat-to-target
serum urate or not.

Gout associates with comorbidities, such as
ischaemic heart disease and CKD. Recently, the
CARES trial raised concerns over the safety of febuxo-
stat in people with preexisting major cardiovascular
diseases, and this has prompted cautionary warnings
from regulators [5

&&

]. The findings of the CARES trial
and relevant recent observational studies will be
summarized. Whether it is safe to prescribe febuxo-
stat topeople withcardiovasculardiseases is currently
being investigated in another RCT [6].

Comorbid CKD makes it difficult to achieve the
treatment target when following the conventional
recommended allopurinol dosing regimen pub-
lished more than three decades ago [7]. This is
further compounded by the fact that glomerular
filtration rate (GFR) less than 30 ml/min is a relative
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KEY POINTS

� Treat-to-target ULT can improve patient-centred
outcomes, such as flares and tophi.

� Patient education and engagement is the key to
optimizing adherence with ULT.

� Allopurinol should remain first-line ULT in people
with gout.

� A higher dose of allopurinol can be used in the presence
of renal impairment than conventionally recommended,
provided the dose is cautiously uptitrated.

Debates in gout management Abhishek
contraindication for febuxostat use. In this review,
recent research on the management of hyperuricae-
mia in gout patients with CKD 3 or higher will be
discussed. Finally, some other recent studies that
impact on gout management will also be discussed.
TO TREAT-TO-TARGET SERUM URATE OR
NOT

A recent individual participant data analysis from
four prospective studies demonstrated that increas-
ing serum urate levels more than 6.0 mg/dl associ-
ates with increasing risk of incident gout [8

&

].
However, whether lowering serum urate to below
this target would improve patient-centred out-
comes, such as gout flares, and quality of life was
previously only demonstrated in observational stud-
ies, generally without a control arm [9].

The Nottingham Gout Treatment Trial demon-
strated the efficacy of a nurse-led package of care for
gout that centred on patient education, shared deci-
sion making and treat-to-target ULT aiming for
serum urate less than 6 mg/dl [10

&&

]. In this trial,
517 adults with gout, self-reporting at least one flare
in the previous 12 months were randomized 1 : 1 to
nurse-led care or continued general practitioner
(GP)-care of gout. The intervention was delivered
face-to-face in patients’ own GP-surgery by a
research nurse. Phone calls could be substituted
for face-to-face visits, and home visits were offered
to people unable to attend GP surgery. Allopurinol
was the first choice ULT and was the sole urate-
lowering drug prescribed to 84% participants in the
intervention arm. Febuxostat and benzbromarone
(not a Food and Drug Administration approved
indication) were used second and third line in 14
and 2% participants in the intervention arm, respec-
tively. Combination ULT was not needed in the
intervention arm. The serum urate was measured
at 3–4 weekly intervals and the dose of ULT
increased until the treatment target was achieved.
 Copyright © 2020 Wolters Kluwe
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The serum urate was reduced to less than 6 mg/dl in
95% participants randomized to the nurse-led care
arm at 2 years. Participants randomized to the nurse-
led care arm had fewer gout flares in the second year
of treatment than those randomized to usual GP-led
care (mean 2.4 vs. 1.5). The mean (SD) number of
face-to-face visits and phone calls in the nurse-led
arm were 9.3 (2.2) and 8.3 (3.2), respectively. This
was substantially lower at 0.6 (1.4) face-to-face visits
in the GP-led care arm. The number of gout flares
was comparable between the intervention and con-
trol arms in the first year of treatment (mean 3.6 vs.
3.5, respectively), likely related to low uptake of flare
prophylaxis in the intervention arm. At 2-year post
randomization, the proportion with at least one
subcutaneous tophus on examination reduced from
13.7 to 2.6% in the intervention arm compared to
no change (8.8 vs. 9.6%) in control arm.

A follow-up survey of this study carried out
16 months after the last visit found that people
randomized to nurse-led care were significantly less
likely to self-report gout flares in the previous
12 months than those randomized to usual GP-
led care [median [interquartile range (IQR)] 0(0–0)
and 1(0–3) flares, respectively], with the latest self-
reported flare occurring a median (IQR) of 24.6 (9.5–
37.6) and 6.1 (2.5–16.5) months earlier, respectively
[11

&

]. The results of these studies provide trial evi-
dence that treat-to-target ULT prevents gout flares in
the long term and is consistent with the results of a
previous systematic review [12].

Additionally, participants in this trial had excel-
lent persistence with ULT at 1 and 2 years, and, self-
reported adherence with ULT (defined as taking ULT
on at least 6 days in a week) was more than 90% in
the follow-up survey [11

&

]. This is substantially
higher than the adherence with ULT in other stud-
ies. A systematic review of 24 studies, published in
2018, reported that only 46% people with gout
could be defined as adherent with ULT [13]. A
subsequent interview study of participants random-
ized to nurse-led care revealed that individualized
education about gout which improved knowledge
and understanding of gout and its treatment,
enquiry and discussion of illness perceptions, shared
decision making and monitoring and personalized
follow-up were noted to be the key mechanisms that
encouraged uptake and perseverance with ULT [14].
However, the intervention in the Nottingham Gout
Treatment Trial was delivered by research nurses,
and this limits the generalizability of the findings.
Another study examining whether general practice
nurses can deliver such treat-to-target ULT, and
whether it improves patient-centred outcomes,
such as gout flares, is currently underway in the
UK (http://www.isrctn.com/ISRCTN12059648).
r Health, Inc. All rights reserved.
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Another recent trial evaluated pharmacist-led
delivery of treat-to-target ULT at 116 sites in the
Kaiser Permanente healthcare system [15

&&

]. This
was a site randomized trial, and adults receiving a
new allopurinol prescription were randomized to
either usual care or an automated pharmacist-led
intervention [15

&&

].
The intervention included written information

about gout, treat-to-target approach (including
serum urate monitoring and allopurinol dose escala-
tion) and was delivered through an interactive voice-
response system. It was backed up by phone calls
from a study pharmacist if the participant was not
adherent to the study protocol. At 1 year, patients in
the intervention group had a significantly greater
likelihood of being adherent to allopurinol (50 vs.
37%), prescribed a higher allopurinol dose and
achieving serum urate less than 6.0 mg/dl (30 vs.
15%). However, the benefit attenuated substantially
1 year after the end of the intervention. The propor-
tion achievingserum urate less than6 mg/dl at2 years
was significantly higher in the nurse-led care study
than in the pharmacist-led study (95 vs. 31%)
[10

&&

,15
&&

]. This raises the possibility that face-to-face
contact and discussion is better at improving adher-
ence than remote monitoring.
FLARE PROPHYLAXIS

Most people in the nurse-led care arm of the Not-
tingham trial elected to not use flare prophylaxis
when their risks and benefits were explained [10

&&

].
In a three-arm unblinded RCT from Japan, non-
steroidal anti-inflammatory drugs or corticoster-
oid-treated gout flares were experienced by 20.8,
18.9 and 36.0% participants randomized to dose
up-titration febuxostat (10–40 mg/day as 4-weekly
increments), febuxostat 40 mg/day along with col-
chicine 0.5 mg/day and febuxostat 40 mg/day with-
out daily colchicine prophylaxis, respectively, for
12 weeks [16

&&

]. The mean number of flares per
participant was 1.35, 1.33 and 2.06, respectively,
in this period [16

&&

]. This study suggests that gradu-
ally up-titrated ULT and fixed high-dose ULT with
low-dose colchicine flare prophylaxis carry the same
risk of flares in the short term. However, the results
should be interpreted with caution in European or
American setting where 10 mg tablets of febuxostat
are not available and most patients require higher
febuxostat dose to achieve treatment target. In addi-
tion, the dose of colchicine used in this study was
lower than the maximum prophylaxis dose of 1.0–
1.2 mg/day recommended in gout treatment guide-
lines [3,4]. Additionally, this study does not inform
us if the flare frequency would be lower in the dose
up-titration arm if colchicine flare prophylaxis was
 Copyright © 2020 Wolters Kluwer H
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provided. In summary, gout treatment guidelines
recommend flare prophylaxis on initiating ULT, and
these should be offered to patients.
TREATING GOUT IN COMORBIDITIES

Cardiovascular comorbidities

Cardiovascular comorbidities coexist with gout. The
results of CARES RCT published in 2018 demon-
strate that people with gout and preexisting cardio-
vascular diseases treated with febuxostat 40–80 mg/
day had a comparable risk of major adverse cardio-
vascular events compared to those treated with
allopurinol at doses up to 600 mg/day [5

&&

]. How-
ever, the febuxostat arm had a statistically signifi-
cant 34% higher risk of death from cardiovascular
diseases, and a 22% higher risk of death from any
cause [5

&&

]. This study demonstrated no safety signal
on its primary end-point of major cardiovascular
events; however, safety concerns were detected in
the secondary end-points. These results raise the
possibility that febuxostat has a higher cardiovascu-
lar mortality risk than allopurinol. Indeed, allopuri-
nol was noted to lower the incidence of perioperative
myocardial infarction in people undergoing coro-
nary artery bypass surgery in another study [17].
However, as discussed in detail by Choi et al. [18],
the result of the CARES RCT should not be used to
imply that ULTs increase the risk of cardiovascular
deaths. The CARES study lacked either a usual care or
placebo control group, and it is not known whether
both the treatments lowered cardiovascular mortal-
ity compared to no-treatment. Another propensity-
score matched study using routinely collected Medi-
care data from 24 936 people prescribed febuxostat
matched to 74 808 people prescribed allopurinol did
not report any differences in hospitalization for
either myocardial infarction or stroke between the
two groups [hazard ratio (95% confidence interval)
1.01(0.94–1.08)], and there were no significant dif-
ferences in all-cause mortality or individual cardio-
vascular outcomes [19].

The implications of CARES RCT for the practic-
ing clinician are twofold. Firstly, to offer allopurinol
as first-line ULT, and to fully inform patients with
gout and preexisting cardiovascular diseases intol-
erant of allopurinol, of the potential mortality risks
identified in the study. Such patients could be
offered uricosuric drugs or pegloticase.

Indeed, recent propensity-score matched cohort
study using the US Medicare data reports that pro-
benecid prescription associates with a 20% lower
risk of stroke or myocardial infarction than allopu-
rinol in people above 65 years in age, and that this
effect is present regardless of cardiovascular
ealth, Inc. All rights reserved.
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comorbidities [20
&

]. However, there was no differ-
ence in all-cause mortality between the two groups
[20

&

]. The authors hypothesize that the protective
effect of probenecid might be mediated by its ino-
tropic and immunosuppressive effects. However,
this study is limited by unmeasured confounding,
and further data, ideally trial data, are needed before
considering any changes in practice. In addition,
information on serum urate, and many other risk
factors for cardiovascular events, such as BMI, smok-
ing and so on, was not available as administrative
claims data were utilized.

Another propensity-score matched prospective
cohort study using data from Veterans Affairs
healthcare systems in the USA reported that gout
patients receiving allopurinol dose increases were
not any-more likely to have all-cause mortality,
cardiovascular mortality and cancer mortality than
those who did not receive such dose increases [21

&

].
Most patients receiving allopurinol dose increase
did not achieve target, and 31% who received allo-
purinol dose escalation and achieved treatment tar-
get had a nonsignificant 7% lower risk of all-cause
mortality [21

&

]. However, the results of this study are
limited by the fact that most patients who received
allopurinol dose increase did not achieve treatment
target. Whether allopurinol improves cardiovascu-
lar outcomes in people with ischaemic heart disease
cannot be inferred from observational studies, and is
the focus of an ongoing clinical trial [22].
Renal comorbidities

The management of gout in the context of CKD
remains challenging with most large trials excluding
participants with eGFR less than 30 ml/min
[5

&&

,10
&&

]. A recent RCT of febuxostat immediate
release and extended release formulations also
excluded participants with eGFR less than 30 ml/
min [23]. The safety and efficacy of nonbiologic ULT
in this patient population is poorly understood.

In a recent reanalysis of data from their previ-
ously published RCT and open-label extension stud-
ies, Stamp et al. demonstrate that most patients with
gout require a higher dose of allopurinol than that
recommended by Hande et al. [7] to achieve serum
urate less than 6 mg/dl, and that this ranges between
100 and 700 mg/day above the previous recommen-
dations [24

&&

]. However, these studies had only 24
participants with eGFR less than 30 ml/min, and
although there were no cases of allopurinol hyper-
sensitivity syndrome reported, two people in the
dose-escalation arm developed skin rash that
required allopurinol discontinuation, and four
developed a rash that was felt to be allopurinol
related but resolved despite continuing treatment
 Copyright © 2020 Wolters Kluwe
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[25,26]. In these studies, the allopurinol dose was
increased in increments of 50 and 100 mg/day for
participants with creatinine clearance at least 60 and
more than 60 ml/min, respectively [24

&&

]. Dosing of
ULT in gout patients with CKD is not always consis-
tent across studies. For instance, in the CARES study,
participants with eGFR between 30 and 60 ml/min
were commenced on 200 mg allopurinol and the
dose increased by 100 mg increments until treat-
ment target or a maximum dose of 400 mg/day
was reached. Thus, based on the experience of these
recent studies, allopurinol dose can be increased in
100 and 50 mg monthly increments in people with
CKD 3 and 4, respectively.

A recent mendelian randomization study using
data from four large cohorts reported that there was
no causal relationship between serum urate and
CKD [27

&&

]. However, a propensity-score matched
cohort study using data from the UK primary-care
records reported that allopurinol at a dose of at least
300 mg/day prevents CKD progression in gout
patients [28

&

]. Another study using data from the
Clinical Practice Research Datalink (CPRD) observed
no significant association between ULT and renal
function [29

&

]. This may be due to the fact that the
latter study randomly selected controls matched for
age, sex, general practice and follow-up time in
CPRD and conducted covariate adjustment, and
the latter is less effective in accounting for con-
founding by indication than propensity-score
matching [29

&

]. Single centre observational studies
indicate that urate lowering may be renoprotective.
In a study of CKD 3–5 patients from China, 1 mg/dl
urate lowering resulted in 0.4 mL/min/1.73 m2

increase in eGFR [30]. Similarly, treatment with
febuxostat improved renal function in patients with
preexisting CKD stage 3–4 [31,32]. In summary,
unlike cardiovascular diseases, there does not appear
to be a recently emergent renal adverse safety signal
when treating gout patients with ULT.
Dementia and mental health

Prospective cohort studies demonstrate that gout
associates with depression (hazard ratio 1.42) and
dementia (hazard ratio 1.15) [33,34]. Another recent
study demonstrated the association between hyper-
uricaemia and vascular dementia, and mixed
dementia, but not with Alzheimer disease [35]. Uric
acid is an antioxidant, and there is theoretical con-
cern that reducing the serum urate might result in
neurotoxicity and dementia. However, this was not
observed to be the case in a recent study [36]. In a
systematic review of observational studies, most of
whom were at a high risk of bias, serum urate was
lower in Alzhiemer’s dementia (SMD –0.33) and
r Health, Inc. All rights reserved.
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dementia associated with Parkinson’s disease (SMD
–0.67), but not in vascular or unspecified dementia
[37]. Although urate is antioxidant, its synthesis
generates hydroxyl free-radicals and hydrogen per-
oxide, which may cause oxidative stress. Thus, more
studies are needed to examine the association
between serum urate and neurological diseases.
CONCLUSION

There are several key questions that impact on gout
management discussed in this review. It is antici-
pated that the above discussion will allow a clinician
to develop an insight into them and better manage
their gout patients. However, the results of several
studies are awaited to help us better understand the
safety profile of different pharmacologic ULT.
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 CURRENT
OPINION Progresses in the imaging of calcium

pyrophosphate crystal disease

Mariano Andrésa,b, Francisca Siverac, and Eliseo Pascuala,b

Purpose of review
Calcium pyrophosphate crystal disease (CPPD) may be considered a neglected disorder, common in clinics
and wards, but not receiving enough attention since the time it was recognized as a disease entity. This
review aims to highlight the advances occurred in recent years in terms of imaging of CPPD, and their
potential aid in diagnosing CPPD.

Recent findings
The main advances in CPPD imaging have occurred with ultrasound and computed tomography. Ultrasound
has been shown as more sensitive than conventional radiography in detecting chondrocalcinosis. OMERACT
definitions of ultrasound signs of CPPD have been provided; validations process is still ongoing. Computed
tomography has been used to assess CPPD at the spine. Some studies suggest that dual-energy scans could
accurately detect chondrocalcinosis and discriminate from other calcified structures.

Summary
Ultrasound and computed tomography may have a role in CPPD detection, though the specifics are still
unclear. It remains necessary to have studies comparing them with synovial fluid analysis for crystals in a
clinical scenario.

Keywords
calcium pyrophosphate crystals, chondrocalcinosis, computed tomography, imaging, ultrasound

DEFINING THE ROLE OF IMAGING IN
CALCIUM PYROPHOSPHATE CRYSTAL
DISEASE

Calcium pyrophosphate (CPP) crystals deposit at the
joints in hyaline and fibrocartilage, as well as peri-
articular structures [1,2]. Flares of CPP crystal arthri-
tis require the presence of crystals in the joint cavity.
The crystals are recognized by the innate immunity
as danger signals prompting inflammation [3]. CPP
crystals form in the pericellular matrix of cartilage
[2] and passage of the crystals formed to the joint
space appears necessary to explain the acute flares
characteristic of the disease. The crystals may dam-
age the cartilage through different mechanisms,
such as inflammation through natural immunity
activation [3], the formation of neutrophil extracel-
lular traps [4] or direct catabolic effects on chondro-
cytes [5]. In general, Calcium pyrophosphate crystal
disease (CPPD) affects middle-aged or elderly peo-
ple, with the prevalence of chondrocalcinosis
increasing with age. Estimates according to different
publications range from 3.7% in those aged 55–59
years and 17.5% in those aged 80–84 years [6] to
15% in patients aged 65–74 years and 44% in

patients over 84 years [7], depending on the meth-
odology. It is intriguing that while so many aged
persons have radiographic chondrocalcinosis – sig-
naling CPP crystal deposition in the cartilage and
meniscus –, only a portion develops symptoms.

CPP arthritis may present as acute flares similar
to those of gout – with the knee being the preferred
joint, followed by the wrist [2] – or as a chronic
inflammatory arthritis that may resemble rheuma-
toid arthritis where radiological features of osteoar-
thritis prevail and may associate acute flares. Rare
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KEY POINTS

� Imaging offers the possibility of sequential study of
patients with CPPD, especially using procedures without
ionizing radiation.

� Consensus definitions for the ultrasonography aspect
and characteristics of CPPD have been developed and
partially validated.

� Computed tomography was noted useful to detect
spinal deposition of CPP crystals.

� Dual-energy computed tomography is able to
discriminate CPP deposits even from other
calcified tissues.

Calcium pyrophosphate crystal disease Andrés et al.
familial juvenile forms with early severe joint oste-
oarthritis occur [8], and CPP crystals are found in
destructive arthropathies, such as the Milwaukee
shoulder [9]; their role in this condition remains
undefined. From a clinical setting, the relation
between CPP crystals and osteoarthritis remains
incompletely understood. Although some studies
reveal that CPP crystal deposits in knees may be
independent of coexistent osteoarthritis [10,11],
others show that both processes are linked
[12,13]. Of interest, localized chondrocalcinosis
was found after meniscectomy [14]. In six patients
out of 80 gouty synovial fluid samples analyzed after
cyto-centrifugation, a few CPP crystals were found
along with the monosodium urate crystals; in every
patient, the fluid was obtained from knee joints with
an intermediate or high grade of osteoarthritis [15].
Additionally, CPP crystals in synovial fluid analysis
were found in 185 out of 830 (22%) patients with
osteoarthritis, mostly in those with older age and
longer disease duration [16]. A recent meta-analysis
[17] supports the association between osteoarthritis
and CPP crystals. Both osteoarthritis and CPPD are
well shown by some of the current imaging techni-
ques, including the joint cartilage, and – especially
those that not being radiating – allow serial obser-
vation of selected joints and likely may help in our
understanding of this association. Whether CPP
crystal deposit precedes and causes osteoarthritis
or it is the contrary – or they are independent –
remains as a query waiting to be answered.

Finally, in the above study [16], CPP crystals
were found in the synovial fluid of 27 of 326 (8%)
patients with rheumatoid arthritis (RA) with a mean
age of 56 years. Given the high frequency of chon-
drocalcinosis in aged individuals, any joint effusion
in these patients, irrespective of the ultimate cause
of the effusion, will likely show CPP crystals in
synovial fluid analysis, possibly prompting an
 Copyright © 2020 Wolters Kluwe
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(equivocal) diagnosis of CPP crystal arthritis. We
described a clear response to methotrexate in elderly
patients with a symmetrical RA-like synovitis with
CPP crystals in their joints [18] as a suggestion of
response of CPP arthropathy to this drug. As other
clinical forms of CPP crystal disease do not respond to
it, it raises the concern that patients might have
suffered from seronegative RA, thereby explaining
their good response to methotrexate, and their joints
contained CPP crystals only incidentally. The possi-
ble confusion of CPP arthritis with RA has received
recent attention [19,20]. Careful imaging may help –
through detecting RA characteristic lesions – to prop-
erly classify an elderly patient as having seronegative
RA in joints with previous deposit of CPP crystals, or
the contrary, it is an extensive deposit of the crystals
the cause of an RA looking polyarthritis. The possi-
bility of having such patients included in RA clinical
trials requires consideration.

A variety of imaging techniques differ in their
ability to visualize different elements that charac-
terize CPP crystal disease. Conventional radiogra-
phy shows CPP crystal deposits at the radiological
joint space occupied by the joint cartilage – where
the crystals form – and other cartilaginous support
structures; this is how the term chondrocalcinosis
was coined [21]. Both CPP crystals and bone are well
defined with computed tomography (CT) scans. CPP
crystals in the depth of the articular cartilage reflect
the ultrasound waves used to acquire ultrasonogra-
phy images; ultrasonography also allows imaging of
different intraarticular structures of accessible
joints, such as menisci, tendons, ligaments and
the synovial membrane, as well as detecting inflam-
mation through increased vascularization through
Doppler. MRI offers the finest anatomical detail;
although calcified tissues are poorly visualized,
CPP deposits in the depth of the joint cartilage
are seen as ‘negative’ images. Although the gold
standard remains identification of CPP crystals in
synovial fluid by compensated polarized micros-
copy [22], the diagnosis of CPP crystal disease has
mostly remained on imaging techniques, mainly
conventional radiography. Advanced techniques
are necessary, as the disease can occur without
chondrocalcinosis if searched with conventional
radiography [23,24]. Confronted to synovial fluid
analysis and pathological examination for CPP crys-
tals, reported sensitivities of conventional radiogra-
phy to detect chondrocalcinosis are 29.0 [25] and
44.4% [26], respectively. Given the high numbers of
never-symptomatic elders having CPP crystal
deposit, its finding – especially if more sensitive
techniques are used – has to be interpreted with
care. In accessible sites, ultrasonography with
Doppler may help to ascertain the associated
r Health, Inc. All rights reserved.
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inflammation, but the potential concurrence of CPP
crystals with other inflammatory diseases – such as
septic arthritis [27] – has to be considered.
ULTRASOUND IN CALCIUM
PYROPHOSPHATE CRYSTAL DISEASE

As far back as 2011, EULAR recommendations for
the diagnosis of CPPD acknowledged the ability of
ultrasonography to demonstrate crystal deposits in
peripheral joints, suggesting a potential role in diag-
nosing the disease [22]. In the past years, several
studies have further defined the performance of
ultrasonography in this crystal disease.

Two recent meta-analyses provide the back-
ground on which to integrate the recent evidence
[28,29]. Under 10 studies were identified and pooled
to provide an estimate of ultrasonography perfor-
mance. When compared to the gold standard of CPP
crystal identification through compensated polar-
ized light microscopy, ultrasonography showed a
very good diagnostic performance, with a pooled
estimated sensitivity of 88% and specificity of 92%
[28]. Sensitivity and specificity of CPPD in tendons
and entheses was less than in hyaline or fibrocarti-
lage. Interobserver reliability, even though varied
between individual studies, was moderate to good.
Considering joint structures, higher diagnostic
accuracy was seen for the hyaline and fibrocartilage,
with pooled sensitivity of 77% for both, and speci-
ficity of 92 and 97%, respectively [29]; tendons
showed weaker results. However, both meta-analy-
ses highlighted the lack of consensus in the defini-
tions used to define CPP deposits. This hampered
not only the comparability of these (and future)
studies, but also the use of ultrasonography in
clinical practice.

This prompted the formation of the outcome
measures in rheumatology (OMERACT) ultrasonog-
raphy CPPD task force that, following OMERACT
standard operative procedures, planned to first
define, and then validate, the ultrasonography fea-
tures of CPP deposits in joints and tendons. Defi-
nitions for ultrasonography-detected CPP crystal
deposits were established through a Delphi exercise
with a multinational task force of 18 rheumatolo-
gists [30

&

]. OMERACT defines CPP deposits in hya-
line or fibrocartilage on ultrasonography as
hyperechoic structures (similar to bone cortex), of
variable shape, found within the cartilage (not on
the surface) and that do under joint movement or
probe pressure move always together with the carti-
lage. These definitions are based on expert opinion.

Before proceeding to further validation, the reli-
ability of these definitions was tested. Intra and
interobserver reliability of these definitions has
 Copyright © 2020 Wolters Kluwer H
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been assessed using both static images (web-based
exercise) and live image acquisition on patients,
being the latter a more stringent method of assessing
reliability that more closely resembles real-life appli-
cation. A moderate to good interobserver reliability
has been shown in knee menisci and the knee hya-
line cartilage [30

&

]. Furthermore, the reliability of
the ultrasonography assessment of the wrist fibro-
cartilage has been assessed in two sequential studies
with widely divergent reliabilities (mean Cohen’s
kappa 0.27–0.82) [30

&

,31]. It is yet unclear why two
validation studies carried out by a similar core group
of sonographers would yield so different results.
Scanning techniques and the application of the
CPPD definitions were homogenized via a long
briefing held prior to the second study as mentioned
by the authors in the article, which could have
improved the reliability [31]. The detection of carti-
lage at other joints (hip), tendons (quadriceps and
patellar) or synovial fluid (in the knees or wrists)
showed an insufficient inter-reader reliability. These
results suggest that the only sites where the defini-
tions should be applied are at the knee hyaline and
fibrocartilage [30

&

] and perhaps at the wrist fibro-
cartilage [31]. This may limit the detection of
patients with CPP arthritis at other sites, therefore
relying on synovial fluid analysis for diagnosis. An
atlas of CPPD ultrasonography features was also
provided for reference [31].

Diagnostic accuracy of these definitions is yet to
be assessed by the OMERACT ultrasonography
CPPD subtask group, but a recent study has recently
evaluated them in the knee [32]. In total, 174
patients (43 CPPD and 131 controls) in a single
centre in South Korea were evaluated with ultraso-
nography and conventional radiography, compared
against the gold standard of crystal identification in
synovial fluid. Menisci, hyaline cartilage, tendons
(patellar and quadriceps) and synovial fluid were
assessed. The detection of CPPD at the menisci
and/or the hyaline cartilage showed a sensitivity
of 70% and a specificity of 79%. This compared with
a 44% sensitivity, but a very high specificity (97%),
of conventional radiography [32], likely because a
detecting chondrocalcinosis in conventional radi-
ography requires a high crystal load.

Some additional studies have assessed the diag-
nostic performance of ultrasonography in CPPD in
wrists [33,34] or hip [35] following alternative def-
initions. Given the lack of consensus in definitions
and scanning technique, it is difficult to establish
comparisons. There is a need for further validation
of the diagnostic performance of ultrasonography
definitions at the knee and wrist joints, using appro-
priate gold standards and control patients, as some
ultrasonography features might be specific for
ealth, Inc. All rights reserved.
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crystal arthritis, but unable to differentiate CPP from
gout [36]. Hopefully, this will soon be forthcoming.
COMPUTED TOMOGRAPHY

Apart from ultrasonography, CT, either as conven-
tional scan or more advanced equipment (dual or
multienergy machines), has also received attention
for CPPD in recent years. X-rays beams can detect
CPP crystals because of the calcium contained
within them. Potentially, CT can detect deposits
in locations poorly assessable by simple radiographs
and can be more sensitive. Exposing the patients to a
higher radiation is the major limitation.
Conventional computed tomography

The spinal involvement in CPPD, already reported
by Zitnan and Sit’aj [21] in their studies on familiar
CPPD, has received recent attention using the con-
ventional CT [37,38]. Moshrif et al. [37] presented a
single-center series in which 37 out of 152 patients
who were hospitalized for because of CPPD inflam-
mation showed spinal deposition by plain X-rays
and/or CT. CPP deposits were seen around the odon-
toid process in 19 cases, 12 of them presenting with
a crowned dens syndrome (an acute, inflammatory
neck pain induced by CPP crystals in the atlanto-
axial joint). Intervertebral disk calcifications, con-
sidered to be mostly formed by CPP crystal deposits
in line with previous histological studies [39], were
noted using CT in 17, 13 and 4 patients in the
lumbar, cervical and thoracic spine, respectively.
Some had also presented an acute, inflammatory
back pain with raised inflammatory markers. The
work by Haikal et al. [38], a large case series of
cervical spine involvement by CPPD from the
United States, reported an even higher rate of CPP
deposits (59.6%); of note, only hospitalized cases of
CPPD with available cervical CT scans were ana-
lyzed. Crowned dens syndrome was diagnosed in
a third of the cases. Intervertebral calcifications were
not assessed.

These two articles provide evidence of diffuse
spinal involvement in CPPD; in our view, help to
demarcate the clinical spectrum of CPPD, which still
remains unclear [40]. Clinicians should consider
CPPD when dealing with a patient with acute back
pain, especially in elderly patients. CT scans were
found superior to conventional radiography to
detect chondrocalcinosis; this was also confirmed
recently for CPPD wrist arthropathy [41], conversely
to previous reports in knees [42]. The major limi-
tations of these studies are their retrospective nature
and the unclear reasons for CT scanning, which
hampers any estimates of the real prevalence of
 Copyright © 2020 Wolters Kluwe
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CPP crystal deposition at the spine. Furthermore,
age is the main factor for developing chondrocalci-
nosis [43,44], and more deposits should be expected
when using CT instead of conventional radio-
graphy. Therefore, taking into account a patients’
clinical picture, blood tests and radiological
examinations remain essential in reaching the
correct diagnosis.
Dual-energy computed tomography

The dual-energy CT (DECT) has shown a remarkable
development in the field of crystal-related arthritis.
The main advantage of DECT compared to the
standard CT is to provide insight into the molecular
composition of the tissue, by using simultaneous X-
rays beams with different energy peaks – usually 80
and 140 kVp [45]. DECT has proven very useful in
assessing deposits of monosodium urate crystals,
and defining its presence, extension and response
to urate-lowering treatment [46]. However, scant
data were available regarding CPP crystal deposits.
In an initial experience, DECT was found able to
differentiate suspensions with monosodium urate
or CPP crystals using a phantom model [47]. In
2018, a group from Japan [26] explored the ability
of DECT to detect CPP crystals ex vivo (in menisci
resected during knee joint replacement surgeries)
against synovial fluid analysis. The report sensitivity
(77.8%) and specificity (93.7%) were considerable,
though chondrocalcinosis and synovial fluid CPP
crystals are not interchangeable terms despite being
related to the same disease. CPP crystals are respon-
sible for the inflammatory manifestations of the
disease, whereas the relevance of isolated chondro-
calcinosis remains unclear [2]. In 2019, Pascart et al.
[48

&

] presented their DECT results in a cohort of
patients with suspected crystal-arthritis of the knee.
DECT was able to identify chondrocalcinosis and,
more importantly, to discriminate between noncal-
cified menisci and different calcific formations –
chondrocalcinosis (CPP crystals) and subchondral
and trabecular bones (hydroxyapatite). Moreover,
more recently, DECT sensitivity was also found
excellent – 90 to 100% according to the color-coded
volume defined (>0.40 or >0.01 cm3) in a series of
10 patients with microscopy-proven CPP crystal
arthritis [49]. The absence of a control group ham-
pered assessing specificity. A novel form of CT, the
multienergy spectral photon-counting CT or
SPCCT, has been able to accurately discriminate
CPP from hydroxyapatite crystals in a preclinical
study undergone on a single resected meniscus [50].

In summary, promising data about the ability of
DECT scans to identify chondrocalcinosis have been
reported. However, there is a need for more data
r Health, Inc. All rights reserved.
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from clinical studies comparing DECT against
microscopy-proven CPP crystals in synovial fluid
samples, still the gold-standard for CPPD diagnosis
[22]. It should be remembered that many aged indi-
viduals present chondrocalcinosis without ever hav-
ing attributable symptoms, therefore, the presence
of CPP crystals revealed by more sensitive techni-
ques should be interpreted together with the clinical
features of the patient.
OTHER IMAGING TECHNIQUES

In the recent literature, the value of MRI in CPPD
has been scantly studied. Structures containing cal-
cium and lacking water or fat, such as CPP crystal
deposits, produce low-intensity signals to magnetic
fields. For this reason, MRI scans can only describe
the presence of chondrocalcinosis as negative
images within the hyaline or fibrocartilage [13].
T1-weighted gradient-echo sequences appear more
sensitive to detect CPP crystals deposits. Agreement
between readers in MRI was excellent. As aforemen-
tioned, in this study underwent under the Osteoar-
thritis Initiative [13], a significant association was
seen between chondrocalcinosis and joint damage,
whereas symptoms measured by the WOMAC scale
did not differ. The cross-sectional nature of the
study impedes considering temporal relationship
and causality. As MRI, in its different forms (physi-
ological, gadolinium enhanced, T2 mapping and so
on) currently provides the best assessment of joint
cartilage [51,52], a prospective MRI assessment of
joints with and without CPP crystals would be
highly informative.
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 CURRENT
OPINION Immune mechanisms of fibrosis and inflammation

in IgG4-related disease

Shiv Pillaia, Cory Peruginoa,b, and Naoki Kanekoa,c

Purpose of review
To summarize recent advances in the understanding of the pathogenesis of IgG4-related disease.

Recent findings
Limited data exist to explain genetic susceptibility to IgG4-related disease and the underlying triggers for
this disease have not yet been identified. Cytotoxic CD4þ T cells and activated B cells infiltrate affected
organs and express proinflammatory and profibrotic molecules. Antigen presented by activated B cells
likely reactivates cytotoxic CD4þ T cells in disease tissues and these T cells in turn induce the targeted
apoptotic death of host cells in certain organs – which presumably present the same antigenic peptide on
human leukocyte antigen class II molecules of relevance that was also presented on B cells during
reactivation. A subsequent exaggerated tissue remodeling process is orchestrated by cytokines,
chemokines, and enzymes secreted by both activated B cells and CD4þCTLs. These molecules induce an
overexuberant repair process resulting in fibrosis and loss of target organ function.

Summary
In IgG4-related disease, presumably self-reactive cytotoxic CD4þ T cells infiltrate tissues, are reactivated by
T cells and induce apoptotic death. Molecules secreted by activated B cells and by CD4þCTLs drive an
exaggerated wound healing response resulting in fibrosis and compromised tissue function.

Keywords
B cells, cytotoxic CD4þT cells, fibrosis, IgG4-related disease

INTRODUCTION

Chronic inflammatory diseases are, at their core,
disorders in which adaptive immune cells are repeat-
edly triggered by an antigen or antigens, resulting in
the amplified activation of innate immune cells
followed by tissue destruction and loss of function.
The inciting antigens may be of environmental
origin or they may be self or modified self-antigens.
In this review we focus on the current state
of knowledge regarding the underlying immune
mechanisms in IgG4-related disease (IgG4-RD).
The study of this disease has the potential to provide
broad insights of relevance to a number of chronic
inflammatory diseases, especially fibrotic diseases
driven either by self-antigens or by pathogens.

The clinical features of IgG4-RD have been
described in a number of previous reviews [1–3].
In brief, it is a disease with tumescent lesions that
may arise in virtually any organ of the body. Micro-
scopically, these lesions exhibit storiform fibrosis
and obliterative phlebitis and are infiltrated by acti-
vated T and B lymphocytes including large numbers
of IgG4 expressing plasma cells. Although the dis-
ease progresses insidiously, its relatively indolent

nature, the availability of accessible tissues in some
subjects and the attenuation of disease in most
patients following therapeutic B-cell depletion
and/or corticosteroids offer investigators the oppor-
tunity to dissect the pathogenic processes of rele-
vance, to re-study patients during remission and
after relapse, and to serially examine the immune
system both in the blood and in tissue sites facilitat-
ing the interrogation of potential triggers of the
disease. Our view of the pathogenesis of this disease
as we understood it about 2 years ago has been
presented elsewhere [4,5]. The present review
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KEY POINTS

� Limited evidence exists for genetic susceptibility to
IgG4-RD.

� A pathogenic role for autoantibodies or IgG4 has yet
to be established.

� Activated clonally expanded cytotoxic CD4þ T cells
and activated B cells that infiltrate tissues and secrete
profibrotic molecules likely drive the pathogenesis of
IgG4-RD.

� CD4þ cytotoxic T cells likely mediate the apoptotic
death of target cells but the possibility that CD8þ

T cells may also participate in apoptosis should
be considered.

� Collaboration of activated B cells and T cell likely
orchestrate postapoptotic tissue remodeling and
fibrosis.

Pathogenesis of IgG4-related disease Pillai et al.
represents the state of knowledge about the patho-
genesis of this disease as it stands in late 2019.
IS IGG4-RD AN AUTOIMMUNE DISEASE?

Autoimmune phenomena, in particular the detec-
tion in the serum of autoantibodies, have often been
documented in patients with chronic infections, in
subjects with cancer and in a proportion of healthy
individuals. The autoantibodies discovered in these
contexts reflect a break in immunological tolerance
and in general these antibodies are not of patho-
genic consequence. On what basis should we con-
sider IgG4-RD to be an autoimmune disease?
Antibodies reported in patients will be discussed
the next section, but no dominant pathogenic auto-
antibodies that definitively contribute to inflamma-
tion have so far been discovered in this disease.
Large clonal expansions of T cells, in particular
CD4þ cytotoxic T cells (CD4þCTLs) have been
described [6–8] and we will argue below that tis-
sue-infiltrating activated B cells and CD4þCTLs
likely contribute to apoptotic cell death and the
consequent inflammation and fibrosis seen in this
disease. However, the antigen-specificity of any dis-
ease-related T-cell clonal expansion in IgG4-RD has
not yet been determined. We have demonstrated
[9,10

&

] that the most expanded B lymphocyte clones
in this disorder are driven by self-antigens, provid-
ing some support for an autoimmune pathogenesis
model; however, the pathogenicity of the antibodies
made by these expanded clones remains unclear and
at present we cannot state with certainty that this
chronic inflammatory fibrotic disease is of autoim-
mune origin. We do, nonetheless, consider it very
 Copyright © 2020 Wolters Kluwe
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likely that in the coming years the field will identify
peptide antigens recognized by clonally expanded
T cells in patients and conclusively establish that
IgG4-RD is indeed an autoimmune fibrotic disorder.
THE POTENTIAL CONTRIBUTIONS OF
AUTOANTIBODIES, IGS, AND
COMPLEMENT TO DISEASE
SUSCEPTIBILITY

In recent years, antibodies against prohibitin,
annexin A11, and laminin 511-E8 have been
described in three distinct and relatively small
IgG4-RD cohorts [11–13]. These studies did not
involve an unbiased search for antibodies made
by the most prominent activated B-cell clones in
the disease. Relatively high frequencies of antibod-
ies to prohibitin were reported in one cohort of
patients with IgG4-RD in East Asia and the studies
showing a relatively high proportion of antibodies
to a truncated form of laminin were from a single
cohort of autoimmune pancreatitis patients from
a different geographical region in East Asia. The
studies on antibodies to annexin A11 were from
a European cohort with hepatobiliary disease. We
examined the frequency of antibodies to prohibitin,
annexin A11, and laminin 511-E8 in a relatively
large cohort of North American patients with
IgG4-RD and compared the frequencies of these
antibodies in healthy controls and in patients with
idiopathic pulmonary fibrosis, included as a fibrotic
disease control group. We found frequencies of each
of these antibodies in North American patients with
IgG4-RD to be very similar to the frequencies seen in
healthy controls [14] and focusing on subsets of
patients with hepatobiliary disease for anti-Annexin
A11 antibodies or patients with autoimmune pan-
creatitis for antibodies to laminin 511-E8 did not
reveal an enrichment of these specific autoantibod-
ies in our cohort. Although the frequencies of anti-
bodies to each of these autoantigens need to be
independently confirmed in larger cohorts from
the same genetic background/s as the respective
original studies, as we discuss below, these antibod-
ies may be shown to be more relevant in the context
of disease when considered with many other auto-
antibodies in the same patient cohort. Human
leukocyte antigen (HLA) linkages to IgG4-RD have
been described in Japanese patients [15,16] and it is
likely that different HLA class II molecules will be
identified as being relevant in different ethnic pop-
ulations, thus potentially explaining some of the
variation in autoantibody frequencies seen in differ-
ent populations. However, in order to establish
their relevance to the pathogenesis of IgG4-RD,
these autoantibodies will need to be validated
r Health, Inc. All rights reserved.
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independently in larger cohorts, shown to be the
products of dominant B-cell clones in active disease
and demonstrated to alter immune function or
impact inflammation.

We have used the approach of using a combina-
tion of next-generation sequencing to identify
clonal expansions of circulating plasmablasts and
the sequencing at the single B-cell level of Ig H and L
chain genes to generate, using recombinant means,
the antibodies made by the most clonally expanded
activated B cells from patients with active disease
[10

&

]. We used affinity purification followed by mass
spectrometry to identify the antigen recognized by
antibodies from the most prominent B-cell clones in
a single patient and showed that different expanded
B-cell clones in the same patient recognized the
same antigen, galectin-3. About 28% of our patients
with IgG4-RD were shown to harbor antibodies to
galectin-3, whereas these autoantibodies were rela-
tively rare in healthy controls and in patients with
idiopathic pulmonary fibrosis. Although we specu-
lated that antigalectin-3 antibodies could enhance
inflammation and increase germinal center forma-
tion based on published studies on galectin-3 knock-
out mice, we were unable to provide direct evidence
for a mechanistic contribution of galectin-3 anti-
bodies to IgG4-RD [10

&

]. The correlation of the
existence of these antibodies with circulating galec-
tin-3 levels suggested that tolerance may often be
broken to overexpressed proteins, but these data did
not establish a contribution of antigalectin anti-
bodies to pathogenesis.

Shiokawa et al. [17] have performed studies
showing that total IgG1 and IgG4 purified from
patients with IgG4-RD and passively transferred
into neonatal Balb/c mice induced inflammatory
changes in the pancreas and salivary glands of the
recipient mice. Total IgG4 from patients attenuated
the inflammation seen with IgG1 injection. Because
IgG4 generally is the most abundant immunoglob-
ulin in patient with IgG4-RD plasma the in-vivo
significance of these findings is not clear. Although
the authors demonstrated binding of transferred
IgG1 and IgG4 to the extracellular matrix of recipi-
ent mouse pancreata, the antigenic specificity of the
transferred immunoglobulins was not established in
these studies and purified antibodies against specific
antigens of any subclass have not yet been shown to
be of pathogenic consequence. Nevertheless, these
studies raised the possibility that antibodies in IgG4-
RD might contribute to some aspects of disease
onset or progression. Some overall support for this
notion has also come for our simultaneous exami-
nation of the frequencies of detectable antibodies
to Annexin A11, prohibitin, laminin 511-E8, and
galectin-3 in patients with IgG4-RD [14]. Although
 Copyright © 2020 Wolters Kluwer H
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the numbers of patients with two or more clearly
detectable autoantibodies was relatively small this
subgroup of patients exhibiting a broader break in
immunological tolerance were much more likely to
present with hypocomplementemia and more
severe disease. Because IgG4 binds poorly to both
complement and activating Fc receptors and indi-
vidual IgG4 antibodies may often not possess two
binding sites for the same antigen (reviewed in [18]),
it is likely that in a small subgroup of patients IgG1
antibodies that form circulating immune complexes
or fix complement at sites of inflammation may
contribute to disease progression in IgG4-RD.

In summary, there is likely to be some contribu-
tion of antibodies to disease progression in IgG4-RD.
These are likely to be IgG1 rather than IgG4 anti-
bodies that may be deposited at sites of inflammation
and that activate the classical pathway of comple-
ment. Specific autoantibodies of unequivocal patho-
genic significance however remain to be identified.
ACTIVATED B CELLS AND THEIR
POTENTIAL CONTRIBUTIONS TO IGG4-RD

Some important clues to pathogenesis are obtained
when specific therapeutic strategies significantly
attenuate or reverse disease. Two different therapeu-
tic strategies, systemic corticosteroid administration
and B cell depletion can both significantly amelio-
rate IgG4-RD. Glucocorticoid binding to the gluco-
corticoid receptor induces the repression of a
number of transcription factors such as AP1 and
NFkB and their downstream transcriptional targets
but glucocorticoid receptor binding also induces the
transcriptional activation of a number of relevant
targets including the MAP kinase pathway phospha-
tase DUSP-1 and the inhibitory cytokine IL-10
among others. Although steroids are generally con-
sidered ‘nonspecific’ the immune effects of systemic
steroid therapy largely target myeloid cells and T
cells [19]. On the other hand, anti-CD20 mediated
B-cell depletion does not directly target T cells or
myeloid cells but is also a very effective therapy for
this disease [20,21]. The results from these two very
effective therapeutic modalities suggest that T cells,
myeloid cells, and B cells may all collaborate to drive
disease. Given the noninflammatory nature of IgG4
and the absence of strong data to implicate specific
autoantibodies in pathogenesis, what exactly is the
role B cells play in the context of IgG4-RD?

Given the body of work, discussed in detail in
the next section, implicating cytotoxic CD4þT cells
in IgG4-RD pathogenesis, one potential function
of B cells in IgG4-RD could be the presentation
of peptide antigens on MHC class II molecules
to pathogenic CD4þ T cells. We have shown that
ealth, Inc. All rights reserved.
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plasmablasts and other activated B-cell populations
are highly expanded in IgG4-RD and infiltrate dis-
ease tissues [9,22

&&

]. We have also shown that these
plasmablasts have undergone extensive somatic
hypermutation [9]. Activated B cells that express
MHC class II and high affinity BCRs are well suited
to capture protein autoantigens and to process and
present peptide antigens on the appropriate MHC
class II molecules to CD4þ T cells that may contrib-
ute to disease.

Another potential function of activated B cells in
disease lesions may be to secrete cytokines, chemo-
kines, growth factors, and enzymes that contribute to
inflammation and fibrosis. The secreted molecules
could thus contribute to the activation of T cells,
macrophages myofibroblasts, and fibroblasts, thus
either initiating or sustaining disease lesions. In a
recent report, we have shown that plasmablasts in
disease lesions (and likely plasmablast-like activated
IgD-CD27- ‘double negative’ B cells) actively synthe-
size PDGF, the chemokines CCL4, CCL5, and CCL11,
and lysyl oxidase 2 (LOXL2) an enzyme that can
crosslink collagen [22

&&

]. Given that these secreted
proinflammatory and profibrotic proteins are syn-
thesized by activated B cells in disease lesions and
that these B cells are derived from CD20 expressing B
cells, we consider it possible that activated B cells may
potentially be key cellular drivers of fibrosis; the
remarkable clinical response to anti-CD20-based B-
cell depletion in the majority of patients may poten-
tially reflect the elimination of the central cellular
drivers of fibrosis in IgG4-RD. It may well be that B
cells both support the activity of CD4þCTLs and also
secrete proteins other than antibodies and thus inde-
pendently contribute to inflammation and fibrosis.
We have in separate studies [23] shown that in IgG4-
RD lesions extrafollicular B cells expressing AID that
are in the vicinity of germinal centers form cell–cell
conjugates with IL-4 expressing T follicular helper
cells (TFH cells). These B cells that are activated in a
T-dependent manner likely represent B cells that
have broken tolerance and have been induced to
differentiate into plasmablasts and other pathogenic
activated B-cell subsets that both secrete proteins that
enhance fibrosis and also present antigens to both
TFH cells and to CD4þCTLs.
CLONAL EXPANSIONS OF CYTOTOXIC
T CELLS IN IGG4-RD: IMMUNE-MEDIATED
APOPTOSIS AS A DRIVING PHENOMENON
IN THE DISEASE

The unbiased interrogation of activated effector
CD4þ T cells in the blood of patients with IgG4-
RD revealed that these cells have a cytotoxic
phenotype, expressing Granzymes, perforin, IL-1b,
 Copyright © 2020 Wolters Kluwe
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TGFb, and a surface marker of the SLAM family,
SLAMF7, that is not expressed on most other CD4þ T
cells [6]. These cells represent activated CD4þ T cells
and were shown to have the ability to induce apo-
ptosis in an ex vivo context. We showed that
CD4þCTLs are the dominant CD4þ T cells that
infiltrate IgG4-RD tissues. Interestingly these cells
synthesize IL-1b and TGFb in affected tissue, indi-
cating that they had been reactivated in vivo by some
antigen presenting cell in disease lesions, presum-
ably presenting a peptide or peptides on MHC class
II molecules [6,7]. Based on the existence of numer-
ous T-B conjugates in disease tissues other than the
TFH cell-B cell conjugates that we described (23; the
latter category of T–B conjugate being largely in the
vicinity of germinal centers), we consider it likely
that activated B cells in disease lesions both secrete
profibrotic molecules and present antigenic pepti-
des to CD4þCTLs reactivating them and thus induc-
ing inflammation and fibrosis. Consistent with this
notion is our observation that circulating CD4þCTL
numbers decline in response to B-cell depleting
therapy [6]. We consider it likely that CD4þCTLs
in disease tissues are reactivated by activated B cells,
but that in the inflammatory milieu MHC calls II
molecules are also expressed on many stromal cells
and other parenchymal cells. Activated CD4þCTLs
likely induce the apoptosis of some B cells and of
other stromal and parenchymal cells. Overexuber-
ant repair constantly is induced to ‘fill in the space’.
Chemokines, cytokines and other profibrotic mol-
ecules secreted by CD4þCTLs and activated B cells
then likely induce the recruitments of monocytes,
fibrocytes, B cells, and T cells, the activation of
macrophages, fibroblasts, and myofibroblasts and
the overexuberant and dysregulated tissue repair
processes that ensue in this inflammatory milieu.
An overall integrated model for disease pathogenesis
will be considered in the final section of the review.
GENETIC SUSCEPTIBILITY AND
ENVIRONMENTAL TRIGGERS

Every common or multigene disorder likely has
some underlying genetic susceptibility. Over the
past decade it has been recognized that in order
for genetic studies to attain sufficient power very
large numbers of patients and controls, typically in
the thousands, need to be studied. Although studies
now usually utilize two cohorts, the second validat-
ing the first, independent validation in different
ethnic groups adds to the overall validity of the
observations made. IgG4-RD is a relatively rare
disease and thus genetic studies are challenging.
Studies in relatively homogenous over a decade
ago a number of relatively underpowered
r Health, Inc. All rights reserved.
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candidate-gene based studies suggested that variants
in genes including CTLA4, KCNA3 and FCRL3 were
linked to IgG4-RD susceptibility [24–26]. None of
these studies have yet been independently validated
in external cohorts. One relatively small cohort of
Japanese patients with IgG4-RD exhibited linkage
to HLA-DRB1 whereas another Japanese cohort
revealed linkage to an HLA-DRB1�04 : 05/HLA-
DQB1�04 : 01 haplotype [15,16].

The most comprehensive genetic study on IgG4-
RD undertaken to date is a Genome Wide Associa-
tion Studies (GWAS) study from Japan interrogating
835 patients and 1789 healthy controls [27

&

]. Sig-
nificant associations were observed for two loci,
HLA-DRB1 and FCGR2B. The HLA class II groove
is made up of a-helical wall and a floor made up of a
b sheet with strands from both the b and a chains.
Interestingly the tightest linkage in IgG4-RD
was found in the seventh position of the first stand
that is contributed by the b chain. A valine in this
position was linked to IgG4-RD susceptibility,
 Copyright © 2020 Wolters Kluwer H

FIGURE 1. A model for the pathogenesis of IgG4-related dise
(CD4þCTLs), activated B cells, and CD8þ T cells likely contribute
self-antigens on HLA class II molecules to the CD4þCTLs in order t
CD8þ T cells as well, induce apoptosis of target cells. The subseq
T cells and B cells leads to fibrosis.
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suggesting that in a number of Japanese subjects a
dominant peptide might drive pathogenic T cell
responses. Because the most prominent clonally
expanded CD4þ T cells in this disease are
CD4þCTLs, we suspect that certain HLA class II
alleles likely drive the activation of CD4þCTLs by
specific self-antigen-derived peptides.

The linkage to an FCGR2B allele in IgG4-RD is
weaker than that of HLA-DRB1 and is also more
difficult to explain, because the enriched allele is
likely to contribute to more stable cell surface
FcgR2B protein, and therefore could contribute to
more inhibitory signaling on both B cells and mye-
loid cells. How exactly this change increases disease
susceptibility is unclear. Undertaking GWAS studies
in this disease has proven difficult because of the
limited numbers of patients, but in the future, when
large-scale whole-genome sequencing studies on
larger populations are executed, perhaps some
more genetic variants linked to this disease will be
revealed.
ealth, Inc. All rights reserved.

ase (IgG4-RD). Tissue infiltration by CD4þ cytotoxic T cells
to inflammation and fibrosis. B cells may capture and present
o reactivate them at tissue sites. The latter and possibly
uent remodeling orchestrated by proteins secreted by both
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Studies on the microbiome especially during
remission and relapse may have the potential to
reveal triggers for the disease but at this time there
is no information on how alterations in the envi-
ronment potentially trigger IgG4-RD.
A MODEL FOR THE PATHOGENESIS OF
IGG4-RD; WHAT IS KNOWN AND THE
MISSING PIECES OF THE PUZZLE

An overview model for the pathogenesis of IgG4-RD
is presented in Fig. 1. After some poorly understood
alteration in the environment, a break in self-toler-
ance is presumably generated in B and T lineage cells
in genetically susceptible individuals with the right
HLA class II background. TFH cells specific for a
specific linear peptide from a host protein (such
as galectin-3 in some individuals perhaps), that is
presented on an appropriate HLA class II molecule
may contribute to the activation of specific B-cell
clones. These B cells presumably recognize surface
epitopes from the same protein that is expressed at
high levels in some cell type or cell types that are
found in the affected disease tissue. CD4þCTLs,
generated possibly against the same linear peptide
epitope that triggered TFH cells, clonally expand
infiltrate tissue sites, and induce the apoptotic death
of target cells in the tissue that may constitutively
express HLA class II or in whom HLA class II may
have been induced in the context of inflammation.
The possibility that apoptosis may also be induced
by clonally expanded cytotoxic CD8þ T cells is
considered in Fig. 1, but this notion remains to be
validated. Cytokines, chemokines, and enzymes
secreted by CD4þCTLs and by activated B cells
orchestrate an exaggerated wound healing response
in macrophages, fibroblasts, and myofibroblasts
inducing fibrosis and loss of tissue function.
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 CURRENT
OPINION Advances in the diagnosis, pathogenesis and

treatment of neuropsychiatric systemic
lupus erythematosus

Erica Moorea,�, Michelle W. Huanga,�, and Chaim Puttermana,b,c

Purpose of review
Diagnosing and treating neuropsychiatric systemic lupus erythematosus (NPSLE) remains challenging as the
pathogenesis is still being debated. In this review, we discuss studies evaluating recent advances in
diagnostic methods, pathogenic mediators and potential treatments.

Recent findings
Screening tools used for neurodegenerative diseases were found to be both sensitive and moderately
specific for cognitive dysfunction in NPSLE. Neuroimaging can be used to distinguish systemic lupus
erythematosus (SLE) patients from healthy controls, but further refinement is needed to differentiate between
lupus patients with and without neuropsychiatric manifestations. Elevated levels of specific molecules in the
cerebrospinal fluid and/or serum, as well as the presence of certain autoantibodies, have been identified
as potential biomarkers in attempts to facilitate a more accurate and objective diagnosis. Among such
autoantibodies, anti-NR2 and anti-ribosomal P autoantibodies also have a pathogenic role, although newer
studies demonstrate that blood–brain barrier damage may not always be required as previously believed.
These and other observations, together with new evidence for disease attenuation after microglial
modulation, suggest direct involvement of the central nervous system in NPSLE pathogenesis.

Summary
Neuropsychiatric involvement of SLE includes a variety of symptoms that impact quality of life and patient
prognosis. There have been recent advances in improving the diagnosis of NPSLE as well as in dissecting
the underlying pathogenesis. The attenuation of neuropsychiatric disease in mouse models demonstrates
the potential for targeted therapies, which are based on a clearer understanding of the pathogenesis of
NPSLE. Further assessment of these treatments is required in NPSLE patients, as well as the potential use
of neuroimaging to distinguish between SLE patients with or without neuropsychiatric manifestations.

Keywords
angiotensin-converting enzyme inhibitors, biomarkers, microglial activation, neuroimaging, neuropsychiatric
lupus, systemic lupus erythematosus

INTRODUCTION

Neuropsychiatric systemic lupus erythematosus
(NPSLE) can involve both the central and periph-
eral nervous systems, and is the second leading
cause of mortality and morbidity in systemic lupus
erythematosus (SLE) patients [1

&

]. Brain manifes-
tations in NPSLE present as focal or nonfocal neu-
rologic deficits, where the focal disease is caused by
thromboembolic events predominantly because
of anti-phospholipid antibodies. The pathogenesis
of nonfocal NPSLE, or diffuse NPSLE (e.g. affective
disorders and cognitive abnormalities) is, however,
complex and not well understood. In this review,
we will highlight recent findings in the diagnosis
and assessment, management and pathogenesis of
diffuse NPSLE disease.

DIAGNOSIS

The diagnosis of NPSLE is often challenging as
clinicians must rule out alternative causes, such as
infections and tumors, before they can finalize a
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KEY POINTS

� Appropriate attribution of neuropsychiatric
manifestations remains a challenge in the diagnosis
of NPSLE.

� Advanced imaging techniques are being developed to
evaluate SLE patients with neuropsychiatric disease, but
these are not sufficiently sensitive or specific enough at
this time.

� Preclinical studies (animal models) have indicated that
microglial-targeted therapies show potential in NPSLE.

Neuropsychiatric lupus Moore et al.
diagnosis. The importance of attribution is still
widely discussed as NPSLE has been primarily a
diagnosis of exclusion, yet this diagnosis obviously
carries critical implications for disease management
and prognosis.

In clinical practice today, many clinicians use
the widely accepted American College of Rheuma-
tology (ACR) nomenclature for classifying NPSLE
events. However, this nomenclature has been
challenged lately with new attribution models. Bor-
toluzzi et al. [2] proposed an attribution algorithm
that provides a probability score, ranging from 0 to
10. This algorithm considers four themes in the
construction of the model, three of which were
similar to those used in the ACR guidelines. The
themes include the temporal relationship of neuro-
psychiatric events to the diagnosis of SLE, the rec-
ognition of confounding factors, the presence of
minor or common neuropsychiatric events and
the presence of SLE risk factors suggested by the
European League Against Rheumatism (EULAR)
(i.e. general SLE activity and anti-phospholipid
antibodies). On the basis of generated probability
score, the patients are considered to be experienc-
ing nonneuropsychiatric events (<3), undefined
events (3–6) or neuropsychiatric events attributable
to SLE (>6). An alternative model was proposed
by Magro-Checa et al. [3] involving a battery
of neuropsychological, laboratory and radiological
examinations performed by a multidisciplinary
team of rheumatologists, neurologists, psychiatrists
and vascular medicine specialists. In this model, the
confirmation of SLE-attributed neuropsychiatric
events was dependent upon a follow-up reassess-
ment, as 13.8% of the neuropsychiatric events
were initially misclassified. Both the Bortoluzzi
et al. and Magro-Checa et al. studies concluded that
SLE-attributed minor and diffuse neuropsychiatric
events were challenging to ascertain in their models,
and noted the persisting challenges in the develop-
ment of attribution models for NPSLE.
 Copyright © 2020 Wolters Kluwe
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Tools for assessing neuropsychiatric
systemic lupus erythematosus

A combination of emerging screening tools, bio-
markers and imaging techniques is being utilized
to improve how NPSLE patients are evaluated.

Screening tools

There are several screening tools, developed for
neurodegenerative conditions, that could be
used to evaluate cognitive dysfunction, anxiety
and depression in SLE patients. Chalhoub et al.[4]
compared the Montreal Cognitive Assessment Ques-
tionnaire (MoCA), a one-page performance-based
screening test, to the Automated Neuropsychologi-
cal Assessment Metrics (ANAM), a computer-based
tool, to assess cognitive impairment in SLE patients
[5]. The MoCA was sensitive and moderately specific
for cognitive disorders (0.83–0.94 and 0.27–0.46,
respectively) in NPSLE patients when compared
with normal controls or patients with rheumatoid
arthritis. Additionally, the MoCA also evaluates cog-
nitive domains included in the ANAM assessment,
and six out of the 10 MoCA questions were signifi-
cantly correlated with the ANAM total throughput
score, the sum score generated from each ANAM
subtest. In comparison, IQCODE (Informant
Questionnaire on Cognitive Decline in the Elderly),
a questionnaire filled out by a close family member
(deemed ‘informant’), did not perform as well as the
MoCA questionnaire. The authors attributed this
result to the inaccuracy of these ‘informants’ in
reporting observed changes in the patient’s neuro-
cognitive function. Therefore, MoCA could be an
effective screening tool for NPSLE patients and may
be more practical to use compared to ANAM and
IQCODE, because of its ease of use, accessibility
in healthcare environments, high sensitivity and
moderate specificity.

To evaluate anxiety and depression, Kwan et al.
[5] utilized the Center for Epidemiological Studies -
Depression Scale (CES-D), Hospital Anxiety and
Depression Scale (HADS) and the Beck Anxiety
Inventory (BAI) questionnaires. The goals were to
evaluate the prevalence of anxiety and depression in
SLE patients, assess these questionnaires’ test-retest
reliability, and study their diagnostic accuracy. The
authors concluded that these questionnaires found
2–4 times higher rates of depression when com-
pared to the Mini-International Neuropsychiatric
Interview (MINI), the current gold standard. The
CES-D questionnaire and the HADS Anxiety ques-
tionnaire were the best tools for depression and
anxiety screening, respectively. Both questionnaires
demonstrated potential to be used as screening tools
for NPSLE.
r Health, Inc. All rights reserved.
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Biomarkers
Serological tests in current use are not sufficiently
accurate for the diagnosis of NPSLE and/or for assess-
ing disease severity. Novel biomarkers might allow a
more objective assessment and may be as simple as
measuring levels of a particular biomarker in the
serum. Autoantibodies, which are a hallmark of
lupus, may also be useful in serving as biomarkers
and will be discussed in the Pathogenesis section of
this review.

Other than autoantibodies, there has been an
interest in exploring molecules, circulating in the
blood and/or cerebrospinal fluid (CSF), which could
reflect neuroinflammation and indicate neuro-
psychiatric disease in lupus patients. Lipocalin 2
(LCN2), an iron transporter important in innate
immunity, and osteopontin (OPN), a secreted gly-
coprotein believed to inhibit B-cell apoptosis, were
both elevated in the CSF of NPSLE patients com-
pared to non-NPSLE. LCN2 elevation was shown
across two different ethnicities [6], and OPN con-
centrations decreased after the treatment [7]. The
specific role of these two proteins in NPSLE remains
to be determined, but their correlation with disease
may have promising applications.

As blood–brain barrier (BBB) disruption is com-
monly implicated in NPSLE, molecules whose levels
may reflect an alteration in brain–barrier integrity
may be important indicators of disease. In the CSF,
albumin, haptoglobin and b-2 microglobulin levels,
as well as the CSF/serum quotient of a-2 macroglob-
ulin, were significantly elevated in NPSLE patients
[8

&

,9]. CSF, which more likely reflects the central
nervous system (CNS) milieu than serum, requires
an invasive approach for collection. Serum, on
the other hand, may be more feasible to monitor
as sera can be readily collected as needed. S100B is a
calcium-binding protein that is primarily produced
by astrocytes and, therefore, when found in the
serum, indicates BBB permeability. In the serum,
S100B was significantly increased in SLE patients
and even more so in NPSLE patients [10]. Moreover,
serum S100B and peripheral neuropathy were
strongly associated, suggesting S100B as a bio-
marker. Another candidate biomarker is brain-
derived neurotrophic factor (BDNF), a molecule
important in memory and learning, which is pre-
dominantly produced in the CNS. Therefore, serum
BDNF may be an indicator of BBB disruption. BDNF
levels were decreased in sera of active SLE patients
compared to inactive SLE patients, but not when
compared to healthy controls [10]. Interestingly,
peripheral blood mononuclear cells of NPSLE
patients also had decreased BDNF levels when com-
pared to healthy controls, and these levels were
associated with reduced thalamus, caudate and
 Copyright © 2020 Wolters Kluwer H
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putamen volumes [11]. These results, whether
in the serum or CSF, need to be confirmed in
additional patient cohorts.

Imaging

MRI is the current radiological gold standard used
in assessing patients with SLE, but approximately
50% of NPSLE patients do not have detectable
abnormalities with the resolution of current scan-
ners. Newer advanced MRI techniques and soft-
ware may have increased sensitivity to identify
changes in the brains of NPSLE patients. Sarbu
et al. [12] explored the use of advanced MRI
techniques including voxel-based morphometry
(VBM), FreeSurfer, diffusion-tensor imaging (DTI)
and white matter hypersensitivity volumetry.
These techniques could map the microstructure
of the brain by fractional anisotropy and mean
diffusivity (DTI), indicate differences in brain anat-
omy (atrophy/tissue expansion (VBM) or cortical
thickness (FreeSurfer)) and identify any white
matter hypersensitivity lesions. In a cohort of 28
primary central NPSLE patients, 22 SLE patients
without NPSLE and 20 healthy controls, NPSLE
patients had increased brain atrophy, decreased
left frontal sublobar white matter, increased water
diffusion in both temporal lobes and decreased frac-
tional anisotropy in the right frontal lobe. The DTI
findings (increased mean diffusivity and decreased
fractional anisotropy) and decreased brain volume
loss correlated with disease activity and severity.

Not all lupus patients with neuropsychiatric
symptoms may need to undergo radiologic evalua-
tion; judicious use of MRIs is important, especially
when considering the cost and the specialized
expertise required in image acquisition and inter-
pretation. Roldan et al. [13] evaluated whether for-
mal neurocognitive assessment correlates with
quantitative brain lesion loads (the number of
fluid-attenuated inversion recovery hyperinten-
sities) and if so, would identify NPSLE patients
who require additional workup. Neurocognitive
testing across all domains (e.g. attention, motor,
executive function and memory) and erythrocyte
sedimentation rate were independently associated
with whole brain lesion load. Therefore, these diag-
nostic tools could be used to identify patients with
functionally significant brain lesions who may
benefit from further imaging evaluation.
PATHOGENESIS

Efforts are continuing in dissecting the pathogenesis
of NPSLE, as a better understanding of disease-rele-
vant pathways will help in the development of more
targeted therapies.
ealth, Inc. All rights reserved.
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Autoantibodies
Many autoantibodies have been linked to NPSLE but
have yet to be confirmed to participate in mecha-
nisms of pathogenesis. Anti-NR2 antibodies (which
recognize a subunit of the N-methyl D-aspartate
receptor (NMDAR) that is necessary for synaptic
plasticity and memory in the brain) and anti-
ribosomal P antibodies (which recognize ribosomal
proteins) have been commonly studied in recent
years, as these autoantibodies are neurotoxic
in preclinical studies once the BBB is bypassed.
Lauvsnes et al. [14

&

] reported that anti-NR2 anti-
bodies in the CSF were associated with motor func-
tioning and visuospatial processing impairment in
SLE, whereas Nestor et al. [15

&&

] found that anti-NR2,
with other anti-NMDAR antibodies, were linked
with spatial memory impairment in both mice
and lupus patients. Another study by Wang et al.
[16] used primary brain microvessel endothelial cells
to generate evidence indicating that anti-NR2 anti-
bodies in NPSLE can damage the BBB and enter the
brain. However, serum levels of anti-NR2 in SLE
patients show no significant association with the
ANAM total throughput score, even with elevated
levels of S100B or anti-S100B (which indicate BBB
disruption). Furthermore, excluding the association
of anti-phospholipid antibodies with ischemic brain
changes, SLE-related serum autoantibodies were
unrelated to inflammatory-like lesions on MRI in
a recent study by Magro-Checa et al. [17]. Therefore,
as the correlation with neurologic deficits is stronger
in CSF than serum, intrathecally produced anti-NR2
antibodies may be those most likely involved in the
pathogenesis of NPSLE.

Serum anti-ribosomal P antibodies are signifi-
cantly correlated with a worse prognosis for patients
with diffuse NPSLE [18

&

]. Gaburo et al. [19] demon-
strated that injecting these antibodies, isolated from
patient sera, into the ventricle of rats was enough to
induce electro-oscillogram changes and prolonged
immobility compared to those injected with control
IgG. Moreover, structural analysis suggests that anti-
ribosomal P and anti-Sm antibodies have shared
clonotypic determinants and thus a common B-cell
clonal origin that may play a pathogenic role [20].
In lupus patients with an acute confusional state,
serum anti-Sm levels were significantly elevated
with an increasing CSF/serum albumin quotient,
even when anti-NR2 and anti-ribosomal P were
not, which may indicate a role of anti-Sm in BBB
disruption [21].

Several recent studies have revealed novel auto-
specificities that may be associated with NPSLE.
Autoantibodies against neuronal regulatory brain
cytoplasmic RNAs impede the localization of endog-
enous BC1 RNA to synapto-dendritic domains, thus
 Copyright © 2020 Wolters Kluwe
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causing phenotypic abnormalities, including epi-
leptogenic responses and cognitive dysfunction
upon entry into the CNS [22]. Anti-GAPDH was
significantly elevated in lupus serum, especially in
patients with NPSLE, and associated with disease
severity [23]. Anti-UCH-L1 (which identifies ubiq-
uitin carboxy-terminal hydrolase L1, a deubiquiti-
nating enzyme) in the CSF was found to be highly
specific for severe NPSLE and positively correlated
with organ involvement and serum antibody levels
[24]. Anti-suprabasin antibodies, directed against a
molecule known to be present in differentiating
keratinocytes, may also be important as immune
complexes of suprabasin were found in the CSF
of NPSLE patients, and astrocytes exposed to anti-
suprabasin antibodies had significantly altered
senescence and autophagy pathways [25].
Structural integrity

In several recent studies, MRI and DTI showed asso-
ciation of white matter lesions with SLE activity and
differentiated between healthy controls and SLE
patients [26–30]. These imaging modalities, how-
ever, could not reliably distinguish between lupus
patients with or without NPSLE. Liu et al. [29] spe-
cifically looked at lupus patients without known
NPSLE and discovered an association between white
matter volume and cognitive impairment. This
result suggests that structural brain atrophy could
preface and subsequently contribute to neurological
manifestations, a finding that would be useful for
early detection. Cannerfelt et al. [30] similarly found
that white matter volume does correlate with verbal
memory but could not distinguish NPSLE patients
from SLE patients without NPSLE. The latter study
suggests alternatively that white matter lesions may
not specifically contribute to NPSLE presentation,
but rather reflect more general SLE disease activity.

The BBB has often been proposed as the entry
point of systemic effectors that cause inflammation
and injury leading to neuropsychiatric symptoms.
MacKay et al. [31] examined lupus patients for signs
of barrier disruption and cognitive dysfunction,
using DTI and fluorodeoxyglucose-PET [(FDG-
PET), a resting-state functional imaging test], respec-
tively. In this study, regional hypermetabolism was
associated with reduced microstructural integrity
and decreased cognitive performance and was con-
sistent over 15 months, suggesting another method
of early detection. In a study by Ploran et al. [32

&&

],
resting hypermetabolism in the anterior putamen/
caudate and frontal cortex, assessed by FDG-PET,
was associated with successful spatial navigation
task (SNT) completion in SLE patients, whereas high
serum anti-NMDAR antibody titers were associated
r Health, Inc. All rights reserved.
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with the inability to complete the SNT. Although
needing further validation, the authors suggested
that the resting hypermetabolism may be a compen-
satory neural recruitment mechanism facilitating
the completion of the SNT. Another study measur-
ing BBB integrity indicators, however, did not find
any associations between levels of TWEAK (TNF-like
weak inducer of apoptosis; a TNF-family member
that can stimulate the production of proinflamma-
tory cytokines and induce cell death) with neuro-
psychiatric manifestations. TWEAK levels were
higher in the CSF than serum, which implies intra-
thecal production and thus BBB disruption as a
result rather than a cause [14

&

]. More in-depth
discussion on the BBB’s role in NPSLE can be found
in a recent review [33].

Two separate studies also evaluated neuronal
networks in SLE patients compared to healthy con-
trols. Alterations in white matter microstructure
correlated with disease duration and fatigue in
SLE patients [34], and network metrics also corre-
lated with disease duration, SLE-induced damage
and white matter hypersensitivity volume [35]. Both
studies support the need for further investigation
to determine if alterations in brain networks may
contribute to disease.
Cell mediators

Aside from autoantibodies and structural changes,
alterations in brain-resident cells in the CNS may
be instrumental in the development of neuropsy-
chiatric symptoms.

Microglia, the brain-resident macrophages, are
commonly studied in neurological disorders and
play a role in synaptic pruning. BV2 cells, a mouse
microglial cell line, showed increased activation
after TNF treatment, with elevation in IL-6 [36].
Treating lupus-prone MRL/lpr mice with a sphingo-
sine-1-phophate (S1P) receptor modulator, which
decreases proinflammatory cytokine secretion by
microglia, significantly improved spatial memory
and depression-like behavior as well as decreased
macrophage infiltration [37]. Similarly, microglial
depletion by a CSF1R inhibitor resulted in preserved
neuronal integrity in an inducible mouse model
(NMDAR peptide immunized BALB/c mice), compa-
rable to nonimmunized controls [15

&&

]. Another
model of lupus, 564Igi mice, showed complemen-
tary results as microglia became activated and
engulfed neuronal material after being stimulated
with type I IFNs [38

&&

]. The latter study also demon-
strated evidence for increased type I IFN signaling in
postmortem brain sections of SLE patients. Direct
injection of SLE patient serum into the ventricle of
mice stimulated activation of microglia in the cortex
 Copyright © 2020 Wolters Kluwer H
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and the hippocampus, with increased levels of
proinflammatory cytokines and adhesion molecules
[39

&

]. These results suggest the importance of micro-
glial activation in the brains of lupus mouse models
and potentially of NPSLE patients that may lead to
neuropsychiatric manifestations.

Axonal injury in the CNS may also contribute to
neuropsychiatric disease, as both lupus-prone mice
and CSF of NPSLE patients showed increased levels of
neurite outgrowth inhibitor (Nogo)-a, which is
mainly expressed in the CNS and known to stunt
recovery of the CNS after injury. After treatment with
a Nogo-a antagonist, mice had improved cognitive
dysfunction, and proinflammatorycytokines, includ-
ing IL-1B, TNF-a and IL-6, were diminished [40].

The responsible cells in the development of
NPSLE manifestations may not only be resident cells
but rather infiltrating cells that also contribute to
the CNS insult. MRL/lpr mice have large clusters of
leukocytes infiltrating the choroid plexus. Immuno-
fluorescence staining and transcriptomic analysis of
the choroid plexus suggested tertiary lymphoid struc-
ture formation, with evidence for antigen-presenting
cell-lymphocyte interactions, cytokine production
and in situ somatic hypermutation [41]. Brains of
NPSLE patients have shown similar localization of
leukocytes to the choroid plexus; this, coupled with
the study proving that SLE sera is enough to upreg-
ulate adhesion molecules to attract leukocytes to the
brain [39

&

], raises the question whether functional
tertiary lymphoid structures are present in NPSLE
patients as well. Finally, for an expanded discussion
on the pathogenesis of NPSLE, see recent articles by
Nikolopoulos et al. and Hanly et al. [42,43].
TREATMENT

The diverse neuropsychiatric manifestations experi-
enced by NPSLE patients and the limited under-
standing of its complex pathogenesis have so far
restricted the development of targeted therapies.
Current therapies include the use of anti-psychotics
and anti-depressants to treat the manifesting symp-
toms or nonspecific immunosuppressants to inhibit
the systemic disease. Moreover, a potential con-
founder in the treatment of NPSLE is the common
use of corticosteroids, which have known CNS side-
effects [44].

Recent studies have identified promising thera-
pies that may specifically modulate key cell types,
particularly microglia. Shi et al. [45] and Mike et al.
[37] evaluated the effects of fingolimod, an S1P recep-
tor modulator in B6.MRL-lpr and MRL/lpr mice,
respectively. Both studies concluded that fingolimod
administration attenuated neuropsychiatric manifes-
tations, reversed the entry of immune components,
ealth, Inc. All rights reserved.
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and decreased BBB leakage. Fingolimod-treated mice
showed significant improvements in depressive-like
behaviors (tail suspension test and Porsolt swim test)
and in spatial and recognition memory deficits
(object placement and object recognition tests). In
conjunction with the approved use of fingolimod in
relapsing-remitting multiple sclerosis, these studies
may support the potential use of fingolimod as a
therapeutic for NPSLE patients. Additionally, angio-
tensin-converting enzyme (ACE) inhibitors, captopril
and perindopril, improve cognitive deficits in mice
immunized to produce anti-DNA antibodies that are
cross-reactive with NMDAR [15

&&

]. Nestor et al. dem-
onstrated that immunized mice had increased ACE
expression, similar to that seen in an Alzheimer’s
mouse model. ACE inhibitor treatment in the lupus
model suppressed microglial activation, which in
turn preserved dendritic complexity in hippocampal
CA1 neurons. Further analysis is needed to under-
stand how ACE inhibition prevents or reverses micro-
glial activation, but this class of therapeutics may
also be considered in the future to treat cognitive
impairment in NPSLE patients.
CONCLUSION

NPSLE is a disease with a complex pathogenesis,
involving diverse central and peripheral nervous
system manifestations. Recent studies have identi-
fied potential assessment modalities, including
screening tools and biomarkers, and new therapeu-
tic approaches, which may improve diagnosis and
management. Advanced imaging techniques have
also emerged as powerful tools that show structural
differences in the brains of patients, but may still
need to be further adjusted to enable differentiation
between SLE patients with or without NPSLE and in
that way be useful as a disease monitoring tool.
Further studies evaluating lupus patients not yet
meriting a formal diagnosis of NPSLE should be
performed to ascertain whether the presence of
structural changes may indicate early detection of
NPSLE or general SLE activity. Although several
aspects of NPSLE remain enigmatic, many of the
recent findings bring us closer to an improved
understanding and ultimately a clearer picture of
this key lupus manifestation.
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 CURRENT
OPINION The metabolic signature of T cells in

rheumatoid arthritis

Cornelia M. Weyanda,b, Bowen Wua, and Jörg J. Goronzya,b

Purpose of review
Rheumatoid arthritis (RA) is a prototypic autoimmune disease manifesting as chronic inflammation of the
synovium and leading to acceleration of cardiovascular disease and shortening of life expectancy. The
basic defect causing autoimmunity has remained elusive, but recent insights have challenged the notion
that autoantigen is the core driver.

Recent findings
Emerging data have added metabolic cues involved in the proper maintenance and activation of
immune cells as pathogenic regulators. Specifically, studies have unveiled metabolic pathways that
enforce T cell fate decisions promoting tissue inflammation; including T cell tissue invasiveness, T cell
cytokine release, T cell-dependent macrophage activation and inflammatory T cell death. At the center of
the metabolic abnormalities lies the mitochondria, which is consistently underperforming in RA T cells.
The mitochondrial defect results at least partially from insufficient DNA repair and leads to lipid
droplet accumulation, formation of invasive membrane ruffles, inflammasome activation and pyroptotic
T cell death.

Summary
T cells in patients with RA, even naı̈ve T cells never having been involved in inflammatory lesions, have a
unique metabolic signature and the changes in intracellular metabolites drive pathogenic T cell behavior.
Recognizing the role of metabolic signals in cell fate decisions opens the possibility for immunomodulation
long before the end stage synovial inflammation encountered in clinical practice.

Keywords
glycolysis, inflammasome, macrophage, mitochondria, pyroptosis, rheumatoid arthritis, T cell

INTRODUCTION

Rheumatoid arthritis (RA) is diagnosed in a host
with chronic symmetrical and erosive polyarthritis
and a spectrum of autoantibodies reactive against
the Fc region of IgG, cartilage components, nuclear
proteins, and an array of citrullinated proteins [1,2].
Such autoantibodies, indicative of a fundamental
breakdown in self-tolerance, are present decades
before clinical symptoms. How this breakdown
comes about has remained unresolved. Traditional
paradigms have focused on access to autoantigen,
but the broad spectrum of autoantigens seen by the
RA host favors systemic abnormalities in immune
homeostasis. Specifically, HLA class II restricted CD4
T cells, indispensable to induce and sustain auto-
antibody production by B cells, are key elements in
the pathogenic pathways characteristic for RA [3–6]:
invasion of synovial membrane by innate and adap-
tive immune cells, activation of synovial stromal
cells, formation of organized lymphoid architec-
tures in the joint, stimulation of bone-erosive

osteoclasts, induction of atherosclerotic plaque,
and so on. Because autoantibody production pre-
cedes synovitis by decades, T cells must have abnor-
malities long before RA is diagnosed. To examine
fundamental tolerance defects in T cells one has two
choices: study such cells in individuals prior to
disease onset or isolate out of patients with RA
the naı̈ve T cell population. Such naı̈ve T cells live
in lymph nodes and the bone marrow, have never
been engaged in an inflammatory lesion and repre-
sent the ‘T cell reserve’, called into action when
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KEY POINTS

� CD4 T cells from patients with RA shift energy carriers,
such as glucose from catabolic to anabolic pathways to
support a cell-building program.

� Because of insufficient DNA repair, mitochondria
in RA T cells are defective, leading to leakage of
mitochondrial DNA, triggering of the inflammasome
and pyroptotic death.

� RA T cells fail to recruit the energy sensor AMPK to the
surface of lysosomes, promoting unopposed activation
of mTOR and unrestricted cellular expansion.

� RA T cells with defective mitochondria and altered
trafficking of AMPK change their fate decisions and
behavior and favor hyperproliferation, tissue invasion
and proinflammatory effector functions.

Immunopathogenesis and treatment of autoimmune diseases
antigen is being recognized to then clonally expand
and differentiate into dedicated memory and effec-
tor cells.

Work from the last 5 years has demonstrated
that naı̈ve CD4 T cells isolated from patients with RA
are clearly distinct from their counterparts in
healthy age-matched individuals. The distinguish-
ing features include a growing list of molecules that
are underexpressed or overexpressed in RA T cells.
Most of the molecules abnormally expressed in RA T
cells fall into the category of metabolic regulators
[7–11]; ranging from metabolic enzymes to metab-
olites and essential parts of metabolically active
organelles. A surprising finding has been the role
of mitochondria in RA T cells [12

&&

,13]. Although
well established as the powerplant of cells, mito-
chondria are now emerging as sensors of cellular
stress, integrators of activating signals, stress signals,
and metabolic cues and facilitators of cell fate deci-
sion and cell survival [14–16]. Here, we will review
recent work on the role of T cell mitochondria in
synovial inflammation.
 Copyright © 2020 Wolters Kluwer H

Table 1. DNA repair defects and metabolic dysregulation in T ce

Molecule
RA T cells (compared
to normal T cells) Role in D

Ataxia telangiectasia
mutated (ATM)

Low expression Repair of
by hom
cycle a

DNA-dependent protein
kinase, catalytic subunit
(DNA-PKcs)

High expression Repair of
by non
(NHEJ)

Meiotic recombination 11
homolog (MRE11A)

Low expression DNA end
Telomere

160 www.co-rheumatology.com
T CELLS FROM PATIENTS WITH
RHEUMATOID ARTHRITIS AGE
PREMATURELY AND ACCUMULATE
DNA DAMAGE

More than a decade ago, the observation was made
that naı̈ve CD4 T cells isolated from patients with RA
have age-inappropriate shortening of telomeres
[17,18]. As telomeres serve as the sensors of cellular
age, this observation gave rise to the concept that RA
T cells are prematurelyaged. As a general rule, aging of
T cells is associated with functional decline and the
appearance of receptor and ligands typically encoun-
tered on NK cells [10,19]. Thus, old T cells are less
competent and less precise and acquire features of
innate cells, biasing them towards inflammatory
effector functions. T cell aging is also coupled to a
fundamental change in cellular metabolism [20,21].
A hallmark of aged cells is the inability to fully mobi-
lize mitochondria for ATP synthesis and provision of
metabolic intermediates that are formed in the tricar-
boxylic acid (TCA) cycle. Recent studies [12

&&

] have
identified mitochondria in RA T cells as being low in
oxygen consumptionand ATP production, suggestive
for defects in both the electron transport chain and in
oxidative phosphorylation.

Several moleculeshave been identified thatplay a
role in the prematurity of T cell aging in patients with
RA: telomerase, the DNA repair kinases ataxia telan-
giectasia mutated (ATM), DNA-dependent protein
kinase, catalytic subunit (DNA-PKcs), and the DNA
repair nuclease MRE11A [22]. In addition to their role
in sensing and repairing broken DNA, ATM, DNA-
PKcs, and MRE11a, all are involved in regulating
cellular metabolism and are interconnected with
mitochondrial fitness and energy generation path-
ways (Table 1). ATM promotes cell-cycle arrest to
accomplish DNA double-strand break repair. ATM
responds to reactive oxygen species (ROS) by forming
homodimers that detect DNA damage and pause the
cell cycle. Intracellular ROS levels are a direct reflec-
tion of metabolic status and mitochondrial activity,
linking ATM activation to periods of high energy
ealth, Inc. All rights reserved.

lls from patients with RA

NA repair Role in metabolism

double-strand DNA breaks
ologous recombination; cell
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Sensor of (mitochondrial) reactive
oxygen species

double-strand DNA breaks
homologous end joining

Suppresses mitochondrial function
Promotes fatty acid synthesis

o- and exonuclease
maintenance

Mitochondrial fitness
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generation. ATM is distinctly low in RA T cells [23], in
line with impairment of mitochondrial fitness. ATM
deficiency accelerates synovial inflammation, possi-
ble through the kinase’s involvement in cell-cycle
regulation. In contrast, the repair kinase DNA-PKcs is
disproportionally high in RA T cell [24]. In line with
direct involvement of DNA-PKcs in suppressing mito-
chondrial activity [25] and promoting de-novo lipo-
genesis [26,27], RA T cells have been reported to be
biased towards fatty acid synthesis and deposition of
lipid droplets [28

&&

]. The final molecule actively
engaged in DNA damage sensing and repair and in
metabolic regulation is MRE11A, a protein with 30 to
50 exonuclease activity and endonuclease activity
[29,30]. The concentration of MRE11A protein in
naı̈ve and memory T cells declines with age [31],
making the nuclease a sensitive marker of immune
aging. Aging-related decline of T cell MRE11A is
accelerated in RA T cells, in line with prematurity
of T cell aging. MRE11A localizes to the telomere and
loss-of-function causes several structural defects [31],
including fragility of chromosomal ends. Thus, age-
inappropriate erosion of telomeric sequences in RA T
cells, first described two decades ago, may be a con-
sequence of insufficient DNA repair.
 Copyright © 2020 Wolters Kluwe
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FIGURE 1. Mitochondrial defects in RA T cells. Besides being p
MRE11A also localizes to the mitochondrial matrix where it binds
from damage and controls mtDNA containment in the organelle.
MRE11A, mtDNA leaks into the cytoplasm to trigger assembly of
caspase-1. As a result, T cells release IL-1b and IL-18 and underg
tissue inflammation. AIM2, absent in melanoma 2; IL-18, interleuk
11; NLRP3, NLR family pyrin domain containing 3.
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T CELLS FROM PATIENTS WITH
RHEUMATOID ARTHRITIS HAVE A DEFECT
IN MITOCHONDRIAL DNA REPAIR AND
LEAK MTDNA INTO THE CYTOPLASM
MRE11A loss-of-function not only is mechanisti-
cally connected to genome instability at the telo-
meric ends; more importantly, MRE11Alow T cells
have a phenotype of mitochondrial failure [12

&&

,31].
Under basal and stressed conditions, MRE11Alow

mitochondria consume low amounts of oxygen,
indicating malfunction of the electron transport
chain. T cells rendered MRE11Alow and RA T cells,
which are spontaneously low in MRE11A, share
distinctly low production of ATP. Biochemical and
imaging studies have placed MRE11A into the mito-
chondrial matrix, where it binds to mitochondrial
DNA. MRE11A deficiency exposes mitochondrial
DNA to oxidative attack and leads to leakage of
mtDNA into the cytoplasm (Fig. 1). Leaked mtDNA
is detected by the AIM2 and the NLRP3 inflamma-
somes and triggers activation of caspase-1. The most
important consequence of this process is the lytic
death of the MRE11A-unprotected RA T cells. Cas-
pase-1 activation was demonstrated in the lymph
nodes of patients with RA, in line with the systemic
r Health, Inc. All rights reserved.
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nature of the T cell defect. Indeed, in-vivo experi-
ments demonstrated the deposition of mtDNA in
inflamed synovial tissue, supporting the novel con-
cept that tissue-infiltrating T cells drive inflamma-
tion through their lysis and not through their
presence. This novel paradigm focusses attention
away from the tissue lesions to T cell fate decisions
in the secondary lymphoid organs.
T CELLS FROM PATIENTS WITH
RHEUMATOID ARTHRITIS DEVIATE
GLUCOSE AWAY FROM GLYCOLYSIS
INTO THE PENTOSE PHOSPHATE
PATHWAY

Careful studies have uncovered metabolic defects in
patients with RA and have linked them to patho-
genic behavior in in-vivo model systems, making a
direct connection between metabolic wiring and
inflammation-inducing effector functions [28

&&

,
32

&&

,33,34]. In contrast to most other somatic cells,
T cells have enormous proliferation capacity and
grow massively following antigen recognition.
The generation of clonal offspring is associated with
high biosynthetic and energy demand, required to
build the membranes, organelles, DNA, and RNA for
the daughter cells. Thus, T cell growth and survival
is inevitably coupled to the metabolic machinery
[35–37].

Naı̈ve T cells preferentially rely on fatty acid
oxidation [38–40], an energy generation state
strictly linked to intact mitochondria. Immediately
following T cell activation, both glucose and the
amino acid glutamine are major energy carriers and
the cell upregulates glycolytic and glutaminolytic
activity [41,42]. Effector T cells, including T cells
 Copyright © 2020 Wolters Kluwer H
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entering the joint to function as multipotent ampli-
fiers of tissue inflammation, remain dependent on
fast access to glucose and generate ATP through
glycolysis. Thus, fate decisions that enforce activa-
tion and effector differentiation of T cells depend on
glucose and glutamine-rich microenvironments
[43]. In contrast, triggering of memory T cell differ-
entiation is accompanied by return of the T cell to
fatty acid oxidation. Taken together, maintenance
of naı̈ve and memory T cells is closely linked to
mitochondrial fitness [44], whereas effector T cells,
including the proinflammatory T cells that sustain
inflamed tissue sites, fuel their energy demands
through fast access to glucose and amino acids.

RA T cells, as discussed above, have restrictions
in activating mitochondria [12

&&

]. Because of inef-
fective DNA repair, basic mitochondrial functions
are impaired, rendering the cells reliant on extra-
mitochondrial energy production. RA T cells have
rewired their metabolic program such that they can
function as ‘supereffector cells’ (Fig. 2), ready to
leave lymphoid tissues and invade into peripheral
tissue niches, such as the synovial membrane. Once
in the tissue, they have a low threshold to unload
effector cytokines and activate surrounding stromal
cells, such as endothelial cells and synovial fibro-
blasts. A major inflammatory trigger derives from
the pyroptotic cell death of T cells with leaky mito-
chondria; releasing intracellular content, including
DNA into the extracellular space to function as a
danger-associated molecular pattern.

The metabolic reprogramming of RA T cells is
characterized by the following molecular events:
(1)
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breakdown [34], reduced pyruvate production,
and low secretion of lactate into the extracellu-
lar milieu.
(2)
 Transcriptional upregulation of glucose-6-phos-
phate dehydrogenase, resulting in enhanced
activity of the pentose phosphate pathway
(PPP), producing excess amounts of NADPH
and reduced glutathione. The shunting of
glucose to the PPP creates a reductive environ-
ment [8,11].
It is currently unclear what the upstream signals
are that impose the redirection of glucose from
glycolysis to PPP. Downstream consequences
include lack of pyruvate to supply the mitochon-
dria, excess NADPH production, lower ROS concen-
trations, and failed activation of ATM [7,33].
Isolated knockdown of PFKFB3 is sufficient to
produce a proinflammatory T cell phenotype and
generate robust synovial inflammation in vivo.
Similarly, treating with oxidizing agents in vivo
has strong antiinflammatory effects, providing
evidence that metabolic interference in T cells alone
is sufficient to regulate susceptibility or resistance to
tissue inflammation.
 Copyright © 2020 Wolters Kluwe
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T CELLS FROM PATIENTS WITH
RHEUMATOID ARTHRITIS STORE LIPID
DROPLETS AND FORM INVASIVE
MEMBRANE STRUCTURES

Besides the electron transport chain, mitochondria
also house the TCA cycle, a series of chemical reac-
tions in which the acetyl group is oxidized to carbon
dioxide and water, while ATP and GTP are produced
as energy storage molecules. The acetyl group arrives
in the mitochondria as acetyl-CoA, mostly when
pyruvate undergoes oxidative decarboxylation.
Low input of pyruvate will result in low acetyl-CoA
production and slowing down of the TCA cycle.
Instead, acetyl-CoA is transported into the cytoplasm
(in the form of citrate) where it is used to synthesize
fatty acids through the action of acetyl-CoA carbox-
ylase [45]. In parallel, mitochondrial dysfunction will
disrupt b-oxidation, the major breakdown mecha-
nism for fatty acids. As an end result, RA T cells have
oversupply in fatty acids. Appropriate biochemical
studies have confirmed that RA T cells have upregu-
lated the lipogenesis program [28

&&

] and produce
fatty acids instead of utilizing acetyl-CoA as a source
of ATP generation. Fatty acid synthesis is further
facilitated by the availability of NADPH (Fig. 3).
r Health, Inc. All rights reserved.
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RA T cells adopt to the excess fatty acids by
depositing lipid droplets in their cytoplasm. Ample
lipid storage enables such T cells to rapidly utilize
fatty acids for the fabrication of membrane bilayers,
a necessary pathway in the cell building program.
T cells residing in synovial tissue of patients with RA
carry cytoplasmic lipid droplets, a feature previously
associated with the metabolic adaptations of tumor
cells. An active membrane building program has
been identified in RA T cells through colocalization
studies of the cytoskeletal marker F-actin and the
membrane marker cortactin [46,47]. The most
valuable data from these studies demonstrated that
in lipid-droplet containing T cells membranes were
arranged in invasive membrane ruffles, reminiscent
of podosomes utilized by tumor cells to spread and
metastasize [48]. Functionally, membrane ruffling
promoted T cell migration in extracellular matrix
and in tissue.

It isnot surprising that theT cell motilitymachin-
ery is integrated with metabolic cues, as supply of ATP
and biosynthetic molecules is a prerequisite of T cell
 Copyright © 2020 Wolters Kluwer H
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migration and tissue invasion. The molecular signa-
ture of the membrane building program in RA T cells
is anchored around the adaptor protein TKS5
(encoded by the SH3PXD2A gene). TKS5 acts as an
organizer at the plasma membrane [49]. RA T cells
typically express higher TKS5 concentration than
matched control T cells. Loss-of-function (knock-
down) experiments and gain-of-function (overex-
pression) experiments have demonstrated that
Tks5 is a critical regulator of T cell behavior. Tks5
gain is sufficient to render T cells tissue-invasive and
inflammatory. Tsk5 loss can correct this phenotype
and suppress synovial inflammation.
LYSOSOMAL ABNORMALITIES IN
RHEUMATOID ARTHRITIS T CELLS

Dysfunctional mitochondria generating insufficient
ROS and ATP and failing to burn fatty acids, are a key
metabolic defect in RA T cells. Another subcellular
organelle that contributes to the altered metabolic
state of RA T cells is the lysosome [32

&&

,50–52] (Fig. 4).
ealth, Inc. All rights reserved.
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As long-lived cells that need to persist in harsh
tissue environments, T cells sense environmental
cues and couple them to metabolic activity and cell
growth. A key integrator is the kinase mTOR, which
under steady-state conditions is suppressed by mul-
tiple inhibitory mechanisms [37,53,54]. Antigen
recognition triggers activation of mTOR, which
orchestrates the differentiation of T cells into func-
tional lineages, and thus determines their role in
chronic inflammatory disease. Emerging data have
implicated mTOR as a signaling node to regulate
metabolic conditioning of T cells and their migra-
tory activity. A general rule is that proinflammatory
effector cells switch on a highly anabolic program,
with high consumption of glucose and glutamine
and concomitant suppression of fatty acid oxida-
tion. Here, mTOR is critically involved in suppress-
ing AMPK signaling and thus a major driver of
mitochondrial biogenesis and function. Vice versa,
catabolic conditions, favored by regulatory and
naı̈ve T cells, rely on energy production in the
mitochondria, utilizing oxidative phosphorylation
and beta-oxidation. The independence of RA T cells
from mitochondrial activity is in line with a super-
anabolic state.

In RA T cells, mTORC1 is strongly activated
[32

&&

], enabling the cell to build progeny, migrate
to inflammatory sites and produce an array of proin-
flammatory cytokines. Recent studies have attrib-
uted unopposed mTORC1 activation to a failure in
the energy sensor AMPK. Despite low cellular con-
centrations of ATP and a shift in the AMP/ATP ratio
towards energy deprivation, RA T cells fail to acti-
vate AMPK. This failure was linked to misplacement
of AMPK within the cell, precisely, failed recruit-
ment of AMPK to the cytoplasmic face of the lyso-
some [32

&&

,51]. On the lysosomal surface, AMPK and
mTORC1 come together and counter-regulate each
other [55–57]. Energy starvation leads to AMPK
activation and mTORC1 repression, blocking T cell
from growth and expansion. Conversely, energy
surplus triggers inactivation of AMPK, resulting in
mTORC1 activation and preparation of the T cell for
an expansion program. The underlying defect in RA
T cells has been attributed to a defective lysosomal
recruitment mechanism. Localization of AMPK to
the lysosomal surface requires membranous anchor-
ing, which is achieved through the covalent attach-
ment of a C14-fatty acid tail to the protein.
Attachment of myristic acid to AMPK is catalyzed
by the enzyme N-myristoyltransferase (NMT)
[58,59] and studies in patients with several autoim-
mune diseases have demonstrated that patients
with RA have a selective suppression of NMT1.
The functional defect of NMT1 in RA T cells leads
to subcellular redistribution of AMPK, which no
 Copyright © 2020 Wolters Kluwe
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longer accumulates on the lysosomal membrane.
Loss-of-function and gain-of-function experiments
confirmed the dependence of mTORC1 activation
in RA T cells on lysosomal placement of AMPK and
coupled the failure in intracellular protein traffick-
ing to synovial tissue inflammation. Thus, cellular
organelles, such as mitochondria and lysosomes,
appear to play a critical role in maintaining tissue
tolerance and protecting tissue from inflammatory
attack.
CONCLUSION

Chronic tissue inflammation, such as rheumatoid
synovitis, is dependent on innate [60] and adaptive
[61,62] immune cells and tissue-residing stromal
cells [63]. T cells regulate the activity of innate
and stromal cells and, due to their ability to memo-
rize, are a key driver of disease chronicity. T cell
function and fate is ultimately determined by their
handling of energy sources and their intracellular
metabolism. RA T cells display a metabolic signature
that distinguishes them from healthy T cells and the
RA metabolic program fuels cellular behavior that
fosters tissue inflammation. Metabolic reprogram-
ming has also been described for monocytes and
macrophages in patients with RA [64

&&

], but meta-
bolic signatures are cell type specific, compatible
with a role of cell endogenous programs.

The metabolic defect in RA T cells centers on the
mitochondria and on lysosomes. Precisely, mito-
chondrial infidelity in RA T cells gives rise to poor
ATP and ROS production and suppresses beta-oxi-
dation of fatty acids. The outcome is a reductive
cellular environment in which fatty acids are stored
in lipid droplets and utilized for the building of
invasive membrane ruffles. T cells become hyper-
proliferative and tissue invasive. Once in the tissue,
they are prone to undergo pyroptotic death [65,66],
a highly inflammatory death pathway triggered by
the inflammasome recognizing DNA leaking out of
the dysfunctional mitochondria. T cell pyroptosis
results in the tissue deposition of inflammatory
molecules and promotes multiple pathways of
chronic-destructive tissue inflammation.
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 CURRENT
OPINION Autoimmunity and immunodeficiency

Rodrigo Hoyos-Bachiloglua and Janet Choub

Purpose of review
Advances in genomics and animal models of human disease have enabled the discovery of mechanisms
important for host immunity and self-tolerance. Here, we summarize conceptual and clinical discoveries
identified from 2018 to 2019 in the field of primary immunodeficiencies and autoimmunity.

Recent findings
Three new primary immunodeficiencies with autoimmunity were identified and the clinical phenotypes of
NFKB1 haploinsufficiency and RASGRP1 deficiency were expanded. A diversity of novel mechanisms
leading to autoimmunity associated with primary immunodeficiencies (PIDs) was reported, including
pathways important for the metabolism and function of regulatory T cells and germinal B cells, the
contribution of neutrophil extracellular traps to plasmacytoid dendritic cell activation and the influence of
commensal bacteria on the generation of autoantibodies. With regard to therapeutic developments in the
field, we highlight the use of janus kinase inhibitors for immune dysregulation associated with gain-of-
function variants in STAT1 and STAT3, as well as the risks of persistent hypogammaglobulinemia
associated with rituximab treatment.

Summary
Mechanistic studies of PIDs with autoimmunity elucidate key principles governing the balance between
immune surveillance and self-tolerance.

Keywords
autoimmunity, exome sequencing, primary immunodeficiencies, self-tolerance, Treg

INTRODUCTION

Primary immunodeficiencies (PIDs) are genetic dis-
eases of impaired host immunity. Although recurrent
infections comprise the clinical hallmark of PIDs,
autoimmunity accompanies a number of PIDs
because of the requirement for intact effector and
regulatory immune mechanisms for maintenance of
self-tolerance [1,2]. Here, we review recent discover-
ies in the field of PIDs associated with autoimmunity.

NEW PRIMARY IMMUNODEFICIENCIES
ASSOCIATED WITH AUTOIMMUNITY

The increasingly common use of whole exome and
genome sequencing has expedited discovery of
novel PIDs and expanded the clinical spectrum of
known PIDs [3,4]. In the last year, three novel
PIDs associated with autoimmunity were reported
(Table 1) [5

&&

–8
&&

].

POMP-related autoinflammation and
immune dysregulation disease

Proteasome maturation protein (POMP) is a chap-
eron necessary for the assembly and maturation of

the standard and immunoproteasome [9]. Two
patients were reported to have POMP-related auto-
inflammation and immune dysregulation disease
(PRAID), a syndrome characterized by neonatal
onset neutrophilic dermatosis, autoimmunity and
combined immunodeficiency [5

&&

]. Both patients
were susceptible to viruses, opportunistic infections
(Pneumocystis jirovecii and mycobacteria) and bacte-
rial infections. They had elevated numbers of total
and naive T cells, but decreased cytokine production
by CD4þ and CD8þ T cells. Despite reduced B-cell
numbers, the patients exhibited high titers of
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KEY POINTS

� As aspects of host immunity and self-tolerance share
common molecular pathways, patients with primary
immunodeficiencies can present with
autoimmune diseases.

� Although autoimmunity is classically attributed to
defects in adaptive immunity, autoimmunity can also
result from abnormalities in innate immunity, such as
increased neutrophil NETosis, leading to inflammatory
states that favor the production of autoantibodies.

� Knowledge of the mechanisms driving autoimmunity
enables the development of rational therapies.
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autoantibodies, including antinuclear antibodies,
antib2 glycoprotein I and antithyroid antibodies.
Each patient was found to have a de-novo heterozy-
gous frameshift variant in POMP (c.342_348delin-
sACC; c.334_335delAT), resulting in the expression
of truncated mutant proteins. The dominant nega-
tive effect of the truncated POMP proteins impaired
proteasome assembly, leading to an overaccumula-
tion of ubiquitinated proteins and subsequent endo-
plasmic reticulum stress. Similar to other defects in
proteasome assembly [10], patients with PRAID
demonstrate increased expression of Type I inter-
feron-induced genes, which correlates with the
patients’ dermatosis and predisposition to autoim-
munity through the induction of chemokines and
activation of autoreactive T and B cells.
IL2RB

Interleukin-2 (IL-2), a cytokine produced by
activated T cells, modulates the differentiation and
function of effector T cells, natural killer (NK) cells
and regulatory T (Treg) cells [11]. The IL-2 receptor
(IL-2R) is formed by combinations of its three sub-
units: low affinity homodimers of IL-2Ra, intermedi-
ate affinity heterodimers of IL-2Rb and IL-2Rg, and
 Copyright © 2020 Wolters Kluwe

Table 1. Novel disorders of primary immunodeficiency and auto

Gene Inheritance Variant

POMP Autosomal dominant p.Ile112Trpfs�3
p.Phe114Leufs�18

IL2RB Autosomal recessive Homozygous variants:
p.Pro222_Gln225del
p.Leu77Pro
p.Ser40Leu
p.Gln96�

PIK3CG Autosomal recessive Compound heterozygosity of
p.Arg982fs; p.Arg1021Pro
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high affinity heterotrimeric complexes of IL-2Ra, IL-
2Rb and IL-2Rg [11]. Mutations affecting the IL-2Rg

chain cause X-linked severe combined immunodefi-
ciency [12]. Mutations in IL-2Ra result in a disorder
similar to immune dysregulation, polyendocrinop-
athy, enteropathy X-linked (IPEX) syndrome, char-
acterized by defective Treg cells, eczema, colitis and
autoimmunity [13]. More recently, four distinct
homozygous mutations in IL2RB were identified in
five kindreds with autoimmunity, combined immu-
nodeficiency with disseminated viral infections,
hypergammaglobulinemia, enteropathy and derma-
titis [6

&&

,7
&&

]. IL2RB deficiency-associated autoimmu-
nity includes autoimmune cytopenias, enteropathy
and lymphocytic interstitial pneumonitis. Tregs were
studied in the kindred with the p.Pro222_Gln225del
in-frame deletion and were decreased. All of the
reported IL2RB variants reduce protein expression
and impair IL-2/IL-2R signaling, thus resulting in
similar mechanistic and phenotypic abnormalities
to those found in patients with IL2RA defects.
Patients with hypomorphic IL2RB mutations permit-
ting residual IL-2Rb protein expression exhibited
increased numbers of the less mature CD56bright

NK cell subtype and concomitantly fewer terminally
differentiated NK cells capable of robust IFN-g secre-
tion in response to viral infections. These hypomor-
phic mutations permit residual signaling in cells with
high expression of the IL2 receptor, enabling the
development of CD56bright NK cells. Although two
patients were cured with hematopoietic stem cell
transplantation (HSCT), two additional patients died
from complications of HSCT. The increased morbid-
ity and mortality associated with HSCT for immune
dysregulation remain a clinical challenge because of
the requirement for optimal control of autoimmu-
nity prior to HSCT [14].
PIK3CG

The phosphatidylinositol 3-kinases (PI3Ks) are
lipid kinases that generate the second messenger
r Health, Inc. All rights reserved.

immunity reported in 2018–2019

Phenotype Reference

Neonatal onset neutrophilic dermatosis,
autoantibodies and combined immunodeficiency

[5&&]

Combined immunodeficiency, impaired
differentiation of NK cells, autoimmune
cytopenias and enteropathy

[6&&,7&&]

Hypogammaglobulinemia and autoimmunity [8&&]
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phosphatidylinositol (3,4,5)-triphosphate, which in
turn activates cellular proliferation, survival and
effector functions [15]. Recently, the first instance
of PI3Kg deficiency in humans was reported in a
patient with hypogammaglobulinemia, autoim-
mune cytopenias, colitis and lymphocytic intersti-
tial pneumonitis [8

&&

]. PI3Kg is a member of the
PI3K family that is expressed primarily in leukocytes
and promotes leukocyte chemotaxis. This patient
had reduced numbers of Treg cells and increased
percentages of CXCR3þ Th1 T cells, which migrate
to inflamed tissues. Increased Th1 skewing was
thought to contribute to the patient’s autoimmu-
nity, as overabundant Th1 signaling and increased
IFN-g production can lead to autoimmunity
through the generation of increased self-reactive
germinal centers and macrophage activation
[16,17]. This patient’s disease was controlled by
suppressing T as well as B-cell functions with myco-
phenolate mofetil and rituximab. Future studies are
needed to determine if B cell-intrinsic mechanisms
also contribute to autoimmunity in this disorder, as
PIK3CG is also highly expressed in B cells.
New mechanisms and phenotypes of
autoimmunity in previously described
primary immunodeficiencies

Studies of known PIDs using mouse models or
patients with atypical phenotypes have elucidated
the basis for autoimmunity in a number of disorders
and expanded the associated clinical phenotypes.

NFKB2 deficiency

Nuclear factor kappa B (NF-kB) is a transcription factor
composed of multiple subunits pivotal for the activa-
tion as well as regulation of immune responses [18].
NF-kB signaling can be subdivided into the canonical
NF-kB pathway, involved in inflammatory responses,
and the noncanonical NF-kB pathway, which is
important for the development of lymphoid tissues
and B cells [19]. NFKB2 encodes p100, the subunit
critical for the noncanonical NF-kB pathway. Hetero-
zygous loss-of-function (LOF) variants resulting in
NFKB2 haploinsufficiency were originally described
inpatients with commonvariable immunodeficiency,
a deficit of adrenocorticotropic hormone and an
increased risk of autoimmunity and autoantibodies
[20–22]. In a recently published cohort of 50 patients
with NFKB2 haploinsufficiency, 32% exhibited defec-
tive antibody responses to vaccines and 80% demon-
strated autoimmunity, manifesting as alopecia,
trachyonychia and cytopenias. This study highlights
two notable aspects of the disease: the early age of
symptoms onset (mean age of onset, 5.9 years) and
infections, such as Candida and cytomegalovirus,
 Copyright © 2020 Wolters Kluwer H
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indicative of T-cell dysfunction in 16% of patients
[23

&

]. All of the patients had normal numbers of naive
and memory T cells and intact T-cell proliferation to
phytohemagglutinin and anti-CD3þCD28 stimula-
tion mitogens, indicating that clinically available
measures of T-cell function are not predictive of
opportunistic infections in these patients [23

&

].
Although T-cell receptor stimulation activates the
noncanonical NF-kB pathway [24], further studies
are needed to elucidate the molecular mechanisms
underlying the susceptibility of these patients to
opportunistic infections.

RASGRP1 deficiency

Ras guanyl nucleotide releasing protein 1 (RASGRP1)
is a guanine nucleotide exchange factor that converts
Ras from the inactive GDP-bound form to the active
GTP-bound state. RASGRP1 function is required to
activate the extracellular signal-regulated kinase
pathway during lymphocyte activation [25,26].
RASGRP1 deficiency was originally described as a
recessive combined immunodeficiency with suscep-
tibility to Epstein-Barr virus-associated lymphomas
[27,28]. Defects in RASGRP1 disrupt cytoskeletal
remodeling, leading to defective T-cell proliferation
and reduced cytotoxic function of CD8þ T cells and
NK cells [27,28]. More recently identified cases of
RASGRP1 deficiency have expanded the clinical phe-
notype of this disease to include lymphadenopathy
and autoimmunity, including autoimmune cytope-
nias, uveitis and hepatitis [29,30]. These patients
were found to have impaired activation-induced cell
death and restricted T-cell repertoires, which may
contribute to the increased susceptibility to lympho-
proliferation and autoimmunity [29,30].

New insights into the biology of Treg cells

Multiple PIDs associated with autoimmunity arise
from defects in the generation or function of Treg
cells. Deficiency of the transcription factor forkhead
box P3 (Foxp3) impairs the function of Treg cells,
culminating in the multiorgan autoimmunity char-
acteristic of IPEX syndrome [13,31,32]. Recently, the
contribution of Foxp3 to Treg metabolism has been
further elucidated. To sustain their immunoregula-
tory phenotype and block differentiation into effec-
tor T cells, Foxp3-expressing Treg cells require a
metabolic profile characterized by fatty acid oxida-
tion and pyruvate-dependent oxidative phosphory-
lation. Deficiency of FOXP3 permits increased
signaling through mammalian target of rapamycin
2 (mTORC2), a pathway favored by effector T cells
for their metabolism, differentiation and effector
functions. Inhibition of the mTORC2 adaptor rictor
partially restored in-vitro Treg function in mice and
humans with FOXP3 deficiency and ameliorated the
ealth, Inc. All rights reserved.
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autoimmunity in Foxp3-deficient mice [33
&

].
mTORC2 signaling may thus represent a potential
target for the treatment of IPEX syndrome.

ITCH deficiency

Multisystem autoimmune disease with facial dys-
morphism is an autosomal recessive condition
caused by LOF variants in ITCH, which encodes an
E3 ubiquitin ligase. ITCH-deficient patients have
failure to thrive, short stature, developmental delay,
dysmorphic features, interstitial lung disease and
susceptibility to autoantibody-mediated disease,
including hypothyroidism, hepatitis, enteropathy
and diabetes [34–36]. A recent study demonstrated
that Itch limits the development of naive and germi-
nal center B cells by regulating mTORC1-dependent
metabolic pathways necessary for B-cell proliferation
and activation [37

&

]. Itch-deficient mice thus exhib-
ited increased numbers of antigen-experienced
B cells and the adoptive transfer of Itch–/– B cells
into wild-type mice resulted in increased levels of
antigen-specific antibodies after immunization. It is
unknown if Itch deficiency is sufficient for the devel-
opment of antibody-mediated autoimmunity and
the survival of autoreactive B cells.

Wiskott Aldrich syndrome

Although autoantibodies are thought to result from
dysregulation of adaptive immunity, a recent study
has demonstrated that neutrophils can drive the
generation of autoreactive B cells and autoantibod-
ies. Wiskott Aldrich syndrome (WAS) is an X-linked
PID caused by decreased expression or function of
the WAS protein (WASp), a regulator of the actin
cytoskeleton [38,39]. Recurrent infections, throm-
bocytopenia and eczema are the clinical hallmarks
of WAS; additionally, patients with WAS are suscep-
tible to autoimmune cytopenias, arthritis, vasculitis
and inflammatory bowel disease [40]. Deficiency of
WASp is associated with abnormal immunoregula-
tory mechanisms, including reduced Treg cell func-
tion [41,42], decreased regulatory B-cell numbers,
increased percentages of autoreactive B cells [43,44]
and increased production of Type I interferons by
plasmacytoid dendritic cells [45]. The mechanisms
underlying these defects are incompletely under-
stood. Recently, WASp-null neutrophils were found
to spontaneously undergo NETosis, a cellular death
process accompanied by the release of granules,
chromatin and neutrophil extracellular traps
(NETs). Increased NETosis was recapitulated in con-
trol neutrophils using chemical inhibitors of WASp
or actin polymerization. Through the release of
nucleic acids complexed with granular contents,
NETosis led to the activation of endosomal Toll-like
receptors on plasmacytoid dendritic cells, thereby
 Copyright © 2020 Wolters Kluwe
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promoting the secretion of Type I interferons [46
&

],
which are known to support the activation of auto-
antibody-secreting B cells. Remarkably, the deple-
tion of WASp-null neutrophils in mice led to the
disappearance of autoantibodies against self-anti-
gens in NETs, such as double-stranded DNA, nucle-
osomes and myeloperoxidase.

Activated PI3K delta syndrome

Gain-of-function (GOF) variants in PIK3CD, encod-
ing the catalytic subunit of PI3Kd, result in increased
PI3K function characteristic of activated PI3K delta
syndrome (APDS). APDS is a combined immunodefi-
ciency with susceptibility to malignancy, lympho-
proliferation and autoimmunity [15]. Autoantibody-
mediated diseases are frequent among patients with
heterozygous GOF variants in PIK3CD; nearly 40% of
patients develop autoimmunity manifesting as auto-
immune cytopenias, nephritis, hepatitis, thyroiditis
and arthritis [47].

In-depth studies of a mouse modeling the most
common human GOF variant in PIK3CD (Pik3c-
dE1020K/þ) identified mechanisms of impaired self-tol-
erance in this disease [48

&

]. Pik3cdE1020K/þ mice
exhibited increased T follicular helper (TFH) cells, ger-
minal center B cells and plasma cells, disorganized
germinal centers and increased levels of autoantibod-
ies. germinal center B cells from Pik3cdE1020K/þ mice
had reduced cell death in vitro, consistent with the
known function of PI3Kd in promoting lymphocyte
survival. Pik3cdE1020K/þ demonstrated increased num-
bers of germinal centers in mesenteric lymph nodes
and Peyer’s patches, which survey an abundance of
commensal microbiota, as well as increased free IgA
and IgA-coated bacteria in the stool. Additionally,
Pik3cdE1020K/þ had circulating antibodies to commen-
sal bacteria that also bound to double-stranded DNA,
suggesting cross-reactivity with self-antigens. Treat-
ment of Pik3cdE1020K/þ with antibiotics reduced levels
of total IgG and self-reactive autoantibodies, thus
demonstrating a contribution from commensal
microbiota to the autoimmunity associated with
this disease.
Developments in therapeutic strategies for
primary immunodeficiency-associated
autoimmunity

Here, we review insights regarding the treatment of
autoimmunity in patients with PIDs.

JAK inhibitors for autoimmunity
associated with gain of function variants
in STAT1 or STAT3

The signal transducer and activator of transcription
(STAT) proteins are a family of transcription factors
r Health, Inc. All rights reserved.
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activated by the Janus (JAK) family of kinases [49].
Heterozygous GOF variants in STAT1 have been
identified as the most frequent genetic cause of
autosomal dominant chronic mucocutaneous can-
didiasis (CMC), because of the role of STAT1 in Th17
cell-mediated immunity against fungus [50,51].
Patients with GOF STAT1 variants are also predis-
posed to autoimmune disease, including type I dia-
betes, autoimmune enteropathy, thyroiditis and an
IPEX-like phenotype, which results, at least in part,
from the increased transcription of interferon-stim-
ulated genes [52,53]. JAK inhibitors correct the NK
and T-cell dysfunction associated with GOF STAT1
variants in vitro [54,55]. Recently, the use of ruxoli-
tinib, which inhibits JAK1/2, or tofacitinib, which
inhibits JAK1/2/3, has been reported in 11 STAT1
GOF patients. Ten of the patients experienced sub-
stantial improvement of autoimmune manifesta-
tions and all had resolution of CMC [56

&

].
Additionally, the JAK1/2 inhibitor baricitinib has
been successfully used to treat CMC and recurrent
oral and vaginal ulcers in one patient [57].

STAT3 regulates genes involved in proliferation,
apoptosis and differentiation and modulates cellular
responses to multiple cytokines, including IL-6 [58].
IL-6 has been associated with the development of
autoimmunity, which has been attributed to its role
in promoting Th17 cells at the expense of Treg cell
development, and in supporting the survival of
plasmablasts and autoreactive B cells. GOF hetero-
zygous variants in STAT3 were first identified in
patients with lymphoproliferation and early-onset
autoimmunity [59]. Tocilizumab, an inhibitory
monoclonal antibody against the IL-6 receptor,
has limited efficacy in treating erosive arthritis,
autoimmune hepatitis, lymphoproliferation, enter-
opathy and interstitial lung disease in patients with
GOF variants in STAT3 [56

&

,60]. The addition of JAK
inhibitors to IL-6 blockade in those patients has
been found to facilitate complete resolution of their
immune dysregulation [56

&

].

Rituximab

Rituximab is an anti-CD20 monoclonal antibody
used commonly for the treatment of autoimmune
cytopenias, as well as other autoimmune disorders
[61,62]. As rituximab does not target pre-B cells or
plasma cells, its effects on humoral immunity are
usually transient. However, a subset of patients have
been found to develop persistent hypogammaglo-
bulinemia after rituximab treatment [63]. Persistent
hypogammaglobulinemia after rituximab in adults
treated for lymphoma has been associated with
higher numbers of rituximab doses and hypogam-
maglobulinemia prior to rituximab therapy [64], but
the information on pediatric patients was limited. A
 Copyright © 2020 Wolters Kluwer H
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recent study found that persistent hypogammaglo-
bulinemia developed in 32% patients within a large
cohort of pediatric patients treated with rituximab
for autoimmune cytopenia [65

&

]. The risk for devel-
oping persistent hypogammaglobulinemia was
associated with IgA and IgM deficiency, age less
than 5 years, autoimmune hemolytic anemia or
Evans syndrome and the clinical response to ritux-
imab. Low switched memory B-cell numbers 1 year
after rituximab treatment were common among
patients with persistent hypogammaglobulinemia,
and 29% of the patients developed infections requir-
ing hospital admission. Ultimately, 53% of patients
with persistent hypogammaglobulinemia were diag-
nosed with a PID [65

&

]. The development of persis-
tent hypogammaglobulinemia in pediatric patients
may herald an underlying PID and warrants further
evaluation.
CONCLUSION

Advances in genomics and animal models of PID
have led to the recognition that immunodeficiency
and autoimmunity can arise from related mecha-
nisms. In-depth studies of PIDs with autoimmunity
have illuminated pathways crucial for maintaining
self-tolerance, which can also serve as potential
therapeutic targets.
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 CURRENT
OPINION The immunopathogenesis of rheumatic immune

adverse events from checkpoint inhibitors:
prospects for targeted therapy

Leonard H. Calabresea and Cassandra Calabreseb

Purpose of review
The introduction of checkpoint inhibitors as well as other allied advances in cancer immunology has made
immunotherapy a pillar in the treatment of cancer. At the same time, these therapies have been associated
with a remarkable array of immune-mediated toxicities observed in virtually every organ system, a portion
of which are rheumatic in nature or multisystem in expression making them of particular relevance for
rheumatologists.

Recent findings
Most of our knowledge of these immune-related adverse events (irAEs) stems from clinical descriptive
reports; we lack detailed understanding on immunopathogenesis for most complications. Therapeutic
approaches are currently empiric and rely heavily on glucocorticoids and inhibitors of tumor necrosis
factor. Serious consideration must now be given to advance our understanding of the immunopathogenesis
of this emergent field and to exploit the full depth and breadth of the rich armamentarium of targeted
therapies currently available to treat autoimmune and autoinflammatory diseases.

Summary
irAEs are and will continue to increase in incidence and pose major hurdles to the continuing success and
evolution of cancer immunotherapy. Basic and translational research into pathogenesis of irAEs and clinical
trials of targeted therapies for these complications is urgently needed. Rheumatologists are well poised to
actively contribute to the care and research of these complications.

Keywords
autoimmunity, immunotherapy, immune-related adverse event

INTRODUCTION

The introduction of checkpoint inhibitors (CPIs) to
the armamentarium of cancer immunotherapy in
2011 has been groundbreaking; as a result, immu-
notherapy is now considered a pillar of cancer ther-
apy. There are currently seven agents with approved
indications, some first line, for a growing number of
cancers. The enthusiasm for the use of CPIs, how-
ever, has been diminished by an increasing number
of toxicities, immune-related adverse events (irAEs),
which are remarkable for their clinical diversity and
have been referred to as the potential Achilles’ heel
of this therapy [1]. Virtually, every organ system,
including musculoskeletal, has been shown to be
vulnerable to irAEs; multiorgan autoimmunity may
also occur. Both musculoskeletal and multiorgan
autoimmunity are domains of rheumatology
(Fig. 1) [2,3]. Recent commentaries have emphasized
the importance of rheumatologists as central players
in both research and clinical care of irAEs based on

our familiarity with multisystem autoimmunity
and our experience and skill in applying targeted
therapies to autoimmune disease [4,5].

There are now numerous case series and clinical
reviews of rheumatic irAEs that provide excellent
overviews of the epidemiology, clinical features
and therapeutic approach to such complications
[2,6–11]. As such, the majority of our knowledge
in this area is clinical-descriptive. Accordingly,
there is a paucity of research on the underlying
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KEY POINTS

� irAEs from CPI therapy from cancer constitute a new
field in autoimmunity.

� irAEs are still poorly understood and research is
needed to determine immunopathogenic mechanisms
across the entire spectrum of complications, including
rheumatic complications.

� Therapy to date has largely been based on
glucocorticoids and anti-TNF therapies, whereas the
utility of employing other treatments, including targeted
therapies, is only now begging to be employed
and investigated.

� The future of irAE clinical care and research is in
its infancy and thus represents a fertile area for
investigating new models of interprofessional clinical
care and research.

Immunopathogenesis and treatment of autoimmune diseases
immunopathogenesis of these complications, limit-
ing a more comprehensive understanding of the
field. In terms of therapies, there are several sets
of guidelines [12,13], which include suggestions for
the treatment of rheumatic complications. These
guidelines largely outline a simplistic approach,
utilizing glucocorticoids and Tumor Necrosis Factor
(TNF) inhibitors as the cornerstones of therapy but,
for the most part, fail to explore the use of immu-
notherapeutics of varied mechanisms of action. In
this review, we will attempt to summarize some of
the current thinking on the immunopathogenesis of
irAEs in general and rheumatic irAEs in particular,
and explore the potential to utilize the extended
armamentarium of targeted therapies currently at
our disposal in rheumatology to treat irAEs with an
emphasis on rheumatic irAEs.
IMMUNOPATHOGENESIS OF
immune-related adverse events

Basic biology of checkpoints in T-cell
activation and deactivation

The evolution of CPIs has been the result of our
progressive understanding, over the past several
decades, of the molecular and cellular events
required for T-cell activation. The remarkable capac-
ity of the adaptive cell-mediated response allows
defense against a near infinite number of foreign
threats. A successful immune response requires
T-cell activation followed by clonal expansion, evo-
lution of effector functions and deployment, cou-
pled with mechanisms for deactivation, which
allows the host to defend itself while protecting it
from collateral damage from unbridled immunity.
 Copyright © 2020 Wolters Kluwer H
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Among the molecular mechanisms designed to con-
trol immune activation and return the host to
immunologic homeostasis are those mediated by
a number of cell surface ligands known as check-
points. Checkpoints are expressed at varying
time points and in different anatomic locales; they
downregulate T-cell activation via a variety of cell
intrinsic (i.e. via activation of immunoinhibitory
activation motifs) and cell extrinsic (i.e. via Treg
inhibition as well as depriving T cells of canonical
signal 2) mechanisms. These mechanisms have been
recently reviewed [14–16]. Checkpoints can be
thought of as molecular gates through which each
activated T cell must pass not only to return to a
state of homeostasis, but also to mold the effector
phase of their existence [16]. This function is par-
ticularly important for T cells, which are persistently
activated in settings in which the inciting antigen
cannot be dispatched, such as in chronic viral infec-
tions (e.g. HCV and HIV) or in cancer within the
tumoral milieu. Cells that express multiple check-
points in such settings develop distinctive func-
tional, phenotypic, epigenetic and metabolomic
features and are often referred to as exhausted T
cells [17]. These exhausted T cells are a major target
of CPIs which, as a result, can lead to immune
reinvigoration with enhanced proinflammatory
capacities believed to belie their antitumoral effects.

The family of molecular checkpoints is expan-
sive [18] though at present only two have achieved
the status of approved therapeutic targeting with
CPIs: CTL-4 and PD-1 and its ligand PD-L1. The
precise molecular mechanism whereby these check-
points function to downregulate T-cell activation is
an evolving field of major complexity but has
recently been extensively reviewed [15,16].
The role of checkpoints in the pathogenesis
of idiopathic autoimmune diseases

Phenomenologically, while checkpoint blockade
relieves T-cell exhaustion there are consequences;
these inhibitory receptors also participate in induc-
ing anergy and peripheral tolerance and thus loss
of such function can and does lead to off-tumor
inflammatory responses [19]. Evidence supporting
the role of checkpoints in the pathogenesis of auto-
immune disease stems from mechanistic studies in
both preclinical models and human studies. Over
two decades ago, it was reported that CTLA-4 defi-
cient mice rapidly succumb to multiorgan inflam-
mation and lymphoproliferative disease [20].
Subsequent modeling described similar aggressive
disease if CTLA-4 is selectively depleted form Tregs,
an indication of the importance of peripheral toler-
ance in immune homeostasis [14]. PD-1 deficiency
ealth, Inc. All rights reserved.
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FIGURE 1. irAEs can affect most organ systems.
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in mice, in contrast, results in more attenuated
pathologic changes, which differs in a strain-depen-
dent manner [16,19]. The roles of PD-1 and PD-L1 in
preclinical models have recently been reviewed [21].
Human studies, on the other hand, have lent
increasing evidence of the role of checkpoints in
autoinflammatory and autoimmune pathogenesis
from studies in both primary immune deficiency
disorders and idiopathic autoimmune diseases. Two
syndromes sharing decreased expression of CTLA-4,
the heterozygous loss of function CTLA-4 haploin-
sufficiency state (CHAI) and the recessively inher-
ited deficiency of lipopolysaccharide-responsive
 Copyright © 2020 Wolters Kluwe
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and beige-like anchor gene (LRBA), result in hypo-
expression of CTLA-4, varying degrees of humoral
autoimmunity and widespread multiorgan inflam-
mation and autoimmunity [22]. Studies of check-
point biology in human autoimmune diseases
reveal some evidence from genome-wide associa-
tion studies of linkage disequilibrium with a few
genes encoding inhibitor receptors, including PD-1
and CTLA-4 [23]. More inquiringly have been recent
translational studies demonstrating deficits of PD-1
signaling in synovial tissues in patients with early
and advanced forms of rheumatoid arthritis [24] as
well as in inflamed temporal arteries of patients with
r Health, Inc. All rights reserved.
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giant cell arteritis [25]. On the basis of this line of
evidence, it should not be unexpected that autoim-
mune sequelae can be observed in the setting of CPI
therapy of cancer.
Immunopathogenesis of immune-related
adverse events

Unfortunately, the vast majority of what we know
about irAEs for CPI therapy of cancer come from
clinical descriptive studies. There is a serious gap in
our knowledge at the level of basic immunologic
mechanisms. Fundamental questions remain unan-
swered, including whether the autoinflammatory
and autoimmune syndromes so widely reported
represent unmasked versions of idiopathic forms
of autoimmunity or rather some new form of
immune-mediated diseases. Given the breadth
and scope of irAEs, it is unlikely that any conclusion
regarding this question will apply equally over the
vast array of organ-specific syndromes increasingly
reported. Several recent excellent reviews have
attempted to synthesize these issues [19,26].
Another general point regarding irAEs is that the
vast majority appear to be mediated not by
 Copyright © 2020 Wolters Kluwer H

FIGURE 2. Immunopathogenic mechanisms of irAEs: four broad
of COI-induced irAEs.
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pathogenic autoantibodies (further discussed
below), but rather by T cell-driven inflammatory
mechanisms [19,26,27]. Further hindering our
understanding of the basic immune mechanisms
involved are the limitations, described recently in
great detail [26], of preclinical studies of CPIs. These
studies have largely focused on antitumoral effects
rather than toxicity; they also utilized genetic
strains in tumor biology that are generally resistant
to autoimmune diseases.

Drawing on the (limited) mechanistic studies of
irAE immunopathogenesis, there appear to be at
least four nonexclusive mechanisms – supported
by varying degrees of evidence – which may belie
a number of autoimmune and or autoinflammatory
irAE syndromes [2] (Fig. 2). The first putative mech-
anism is the development of end organ inflamma-
tion as part of generalized and possible nontargeted
inflammation. Following CPI therapy, there is both
cellular (Fig. 2a) and humoral activity, which can
result in generalized inflammation and may cause
such irAEs as polyarthralgia, polyarthritis and poly-
myalgia-like syndromes [28]. The role of cytokine
elaboration including, more specifically, IL-6 [11]
and IL-17 [27], has been posited as potentially
ealth, Inc. All rights reserved.
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contributing to conditions, such as inflammatory
arthritis and colitis. A proposed second mechanism
is the exacerbation of underlying asymptomatic
autoimmunity (Fig. 2b), particularly in patients with
preexisting autoantibodies. Examples of such
include rare cases of acute onset ACPA-positive
rheumatoid arthritis [29], Type 1 diabetes with anti-
islet cell antibodies and myasthenia gravis with
antiacetylcholine receptor antibodies [26]. Dimin-
ishing from the impact of this putative mechanism
is the observation that most patients who develop
these irAEs are serologically negative. A third mech-
anism could reflect off-target effects of the CPIs
themselves (Fig. 2c), as CTLA-4 is expressed on cells
in the hypothalamic pituitary axis and thus could be
targeted by anti-CTLA-4. Indeed, both preclinical
and clinical studies suggest a strong organ-specific
association (i.e. hyphysitis) when this agent is uti-
lized [30]. Evidence is, however, lacking for other
organ systems for this proposed form of immuno-
pathology. Finally, there are limited data to support
the on-tumor but off-target effects of antigen-spe-
cific T cells produced through mechanisms, such as
epitope spreading and cross antigenic presentation
(Fig. 2d) [1,26]. Unfortunately, the evidence is lim-
ited to a few well-studied cases of cardiac myositis
[31] and pneumonitis [32]. Other mechanisms may
be contributing as well and have recently been
reviewed [1,3,26,27].
Advances in immunopathogenesis of
rheumatic immune-related adverse events

In terms of rheumatic irAEs, there are, unfortu-
nately, few studies shedding light on immunopa-
thogenesis of specific rheumatic complications;
virtually, all of the current literature is clinical-
descriptive and based on single case reports. A few
studies, however, have shed some light on a few
areas. A recent publication from Cappelli et al. [33]
studied 22 patients with inflammatory arthritis
irAEs for major histocompatibility complex associ-
ations and found that despite over 90% being
seronegative for ACPA and rheumatoid factor the
cohort was more likely to express at least one shared
epitope allele versus healthy controls suggesting a
role for the immunogenetic framework in pathogen-
esis. Another article [28] examined a large cohort of
polymyalgia rheumatica irAE patients and appraised
their consistency with recent classification criteria
[34]; the authors found that while nearly three of
four met such criteria, many patients had atypical
features, such as requiring higher doses of glucocor-
ticoids, than is traditional. In the absence of any
gold standard for polymyagia rheumatica (PMR)
diagnosis, it remains unclear whether such patients
 Copyright © 2020 Wolters Kluwe
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have true PMR or merely a mimicking syndrome. A
recent multicenter study examined 20 patients with
irAEs manifest as sicca [35] and concluded that the
syndrome appears distinctive from primary Sjög-
ren’s. Ninety percent of patients were seronegative
for antinuclear antibody and extractable nuclear
antigen; many had minor salivary gland biopsies
showing distinctive features, including a predomi-
nance of T-cell infiltration versus B cells – the oppo-
site of what is found in idiopathic disease. Stopping
CPIs and treatment with glucocorticoids often
improved subjective symptoms, but salivary flow
deficits remained profound in many. Finally, among
all rheumatic irAEs, perhaps the most distinctive is
myositis, which has been increasingly reported over
the past few years [36–38]. Myositis as an irAE
clearly appears to represent a distinct nosologic
entity with numerous laboratory and clinical fea-
tures differentiating it from idiopathic inflamma-
tory myopathies: absence of myositis-specific
antibodies, a high prevalence of concomitant myas-
thenia gravis (15.6%) [39] with or without myasthe-
nia-specific antibodies [40], oculomotor and bulbar
involvement and a high prevalence of concomitant
cardiac myositis (16.1%) [39]. In addition, the mor-
tality of irAE myositis is very high (21.2%) [39],
especially in the presence of myocarditis. Much
work is still needed to elucidate the immunopatho-
genesis of the many other rheumatic syndromes
that are increasingly reported.

It must be noted that rheumatic irAEs, especially
inflammatory arthritis, may in contradistinction to
virtually all other irAEs become a chronic inflam-
matory disease even after the withdrawal of CPIs and
resolution of the initial inflammatory phase. This
observation has been difficult to quantify in terms of
frequency but in one of the largest single center
studies, 15% of patients required disease modifying
antirheumtaic drugs [7] and in a recent study of 21
patients with rheumatic irAEs with underlying renal
cell cancers [41], five of 21 required biologic therapy
for chronic disease control. The implications of this
observation are profound; further work is urgently
needed to help further define the epidemiology, risk
factors and underlying mechanisms for this persis-
tent inflammatory complication.
Treatment of immune-related adverse events
and the prospects for targeted therapies

All therapeutic approaches to manage irAEs repre-
sent an attempt to balance immunosuppression
adequate to control the autoimmune and/or auto-
inflammatory irAE with preservation of any poten-
tial antitumoral immune response. Several [12,13]
sets of recent management guidelines include, for
r Health, Inc. All rights reserved.
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the first time, recommended therapies for rheu-
matic irAEs. These guidelines are based on a limited
body of evidence and often these treatment recom-
mendations are extrapolated to other organ systems
where immunopathogenesis is likely to be quite
different. The current treatment philosophy gener-
ally embraces glucocorticoids during the symptom-
atic period and for 4–6 weeks after resolution of the
irAE. Targeted therapies, especially infliximab, are
reserved for patients who fail glucocorticoids. On
the basis of growing evidence for earlier introduc-
tion of targeted therapies, there are now hopes for
higher rates of therapeutic success with lower doses
of glucocorticoids [42

&

,43,44].
Further criticisms of this general approach note

that while TNF inhibitors may be logical and effec-
tive for irAEs, such as colitis and inflammatory
arthritis, they lack an immunopathogenic rationale
for other complications, such as life-threatening
myocarditis, pneumonitis and other end organ dis-
eases [42

&

]. There is a paucity of clinical reports of
alternative targeted therapies in the extant literature
and an understandable reluctance to aggressively
apply additional targeted therapies, which may
potentially inhibit antitumoral activity. Further-
more, a potentially more scientifically based appli-
cation of the rich armamentarium of targeted
therapies currently available to rheumatologists
for individual irAEs is also limited by a lack of clear
understanding of immunopathogenesis for most
syndromes (as discussed above). Clearly, we are only
at the beginning of defining how irAEs in general
and rheumatic irAEs specifically should be treated.

Targeted therapy of rheumatic irAEs: Potential
efficacy, safety concerns and considerations for pos-
sible effects on antitumoral response of select classes
of agents.
ANTI-IL6-DIRECTED THERAPIES

Potential efficacy: Anti-IL6 therapy is an attractive
candidate for inflammatory arthritis, giant cell arter-
itis and polymyalgia, and its use has been reported
in cases and small series [11]. A single-center retro-
spective study of all patients receiving tocilizumab
for various irAEs (all nonrheumatic and mostly
pneumonitis) refractory to glucocorticoids and all
grade 3/4 has been published [45]. Clinical improve-
ment was noted in 27 of 34 (79%) patients; there
was no significant effect on overall survival, though
the study was limited by its retrospective design
and small number of patients. A clinical trial
(NCT03601611) is underway assessing the efficacy
of tocilizumab in patients with arthritis and colitis.

General safety concerns: Risk of colonic per-
foration, particularly in patients with bowel
 Copyright © 2020 Wolters Kluwer H
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inflammation, is a major concern. Infectious com-
plication, particularly when anti-IL6 therapy is com-
bined with glucocorticoids, is also of concern.

Effect of IL-6 inhibition on tumor immunity: The
role of IL-6 in tumor immunology is complex but
preclinical models of melanoma and colorectal can-
cer have revealed that IL-6 inhibition may enhance
the efficacy of anti-PD-1/PD-L1 targeting [46].
ANTI-TNF-DIRECTED THERAPIES

Potential efficacy: Clearly, these agents, particularly
infliximab, have been utilized in a wide variety of
irAEs. Their use was initially in cases of colitis but
now includes numerous other irAEs as noted above.

General safety concerns: There are nearly two
decades of safety experience with anti-TNF agents
with most concerns centering on increased rates of
serious infections.

Effect of anti-TNF on tumor immunity:
Although there are no data thus far suggesting that
anti-TNF has led to tumoral progression and there
have been observational reports of safety in this
regard, a critical appraisal of preclinical data sug-
gests mechanisms that may both promote and pro-
tect from tumoral progression [47]. A recent
preclinical study has demonstrated that concurrent
anti-TNF and CPIs in mouse model of cancer and
colitis demonstrated attenuated toxicity while pre-
serving efficacy [48

&

]. Human studies are needed.
ANTI-IL1-DIRECTED THERAPIES

Potential efficacy: Although there are no reported
cases of the use of anti-IL-1-directed therapies with
agents, such as anakinra and canakinumab, it may
be reasonable to consider empiric use in severe irAEs
with generalized autoinflammatory pictures. Auto-
inflammatory diseases, such as hemophagocytic
lymphohistiocytosis, have been reported [49].

General safety concerns: IL-1 antagonism has a
generally favorable pattern of toxicity within the tar-
getedtherapyarmamentarium[42

&

], yet in theabsence
of even anecdotal reports its use remains empiric.

Effect of IL-1 antagonism on tumor immunity:
IL-1 has been postulated to have prooncogenic
effects; a remarkable secondary finding of the CAN-
TOS trial of the anti-IL-1 antagonist canakinumab
for cardiovascular disease progression was a signifi-
cant protective effect from the development of lung
cancer [50].
ANTI-IL-17-DIRECTED THERAPIES

Potential efficacy: The effectiveness of anti-IL-17-
directed therapies in diverse conditions, such as
ealth, Inc. All rights reserved.
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psoriasis and spondyloarthritis, both of which have
been reported as irAEs, makes them attractive can-
didates for irAE treatment. A single case report of
clear efficacy of secukinumab in a patient with both
colitis and psoriasis irAEs who initially responded to
anti-PD-1 showed subsequent tumor progression
[51].

General safety concerns: Anti-IL-17 agents have
been reasonably safe and while concerns for serious
infections and the capacity to induce or unmask
inflammatory bowel disease are prevalent, these are
uncommon toxicities.

Effect of IL-17 antagonism on tumor immunity:
The role of IL-17 in tumor immunology is complex
and the use of anti-IL-17 therapies to treat irAEs has
yielded mixed results [52]; thus, even single case
reports of potential adverse effects (as noted above)
can have chilling effects on further use. Clinical
trials are urgently needed.
ANTI-B-CELL-DIRECTED THERAPIES

Potential efficacy: The use of rituximab and other
follow-on anti-B-cell agents to treat rheumatic irAEs
is attractive for several reasons. First, the class is
broadly effective in a variety of settings ranging
from inflammatory arthritis, ANCA-associated
vasculitis and other diseases with pathologic auto-
antibodies.

General safety concerns: Safety concerns are
minimal overall, as rituximab has been utilized
extensively in the treatment of hematologic malig-
nancies and autoimmune disorders. Increased infec-
tions and rare opportunistic infections, such as PML,
have been reported.

Effects of B-cell-directed therapy on tumor
immunity: There is a comfort in the use of rituximab
in the setting of many forms of cancer, where B-cell-
mediated immunity is considered to serve a second-
ary role in host defenses. Furthermore, certain
current treatment guidelines [12] of irAEs cite ritux-
imab as an option for severe (grade 4) and refractory
irAEs, such as myositis, myocarditis and encephali-
tis, though the evidence is only empiric.
JANUS KINASE INHIBITORS

Potential efficacy: The immunomodulatory agents
targeting Janus kinase (JAKi) have broad immuno-
logic and therapeutic activities. The capacity for
various JAKis to be biologically active in the treat-
ment of inflammatory arthritis, spondyloarthritis,
psoriasis, inflammatory bowel disease and other
disorders makes them attractive in treating irAEs,
where the underlying immunopathogenesis is still
undefined for most syndromes.
 Copyright © 2020 Wolters Kluwe
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General safety concerns: The adverse events pro-
file of JAKi agents are still being elucidated though
their capacity to increase the risk of infection, partic-
ularly zoster, and a recent signal of possible increased
risk of venous thromboembolic disease (already a
concern in cancer patients) is cautionary [53].

Effect of JAK antagonism on tumor immunity:
The role of JAKs in tumor immunity has produced
mixed results in terms of whether inhibition may
enhance [54] or compromise tumoral immunity
[49]. Given these data, their use for the treatment
of irAEs should be monitored carefully, preferably in
clinical trials.
ANTI-T-CELL-DIRECTED THERAPIES

On the basis of the limited knowledge we have of
immunopathogenesis of irAEs, the paucity of auto-
antibodies and the documented presence of T cells
in organs, such as heart [39], skeletal muscle [31],
lung [32] and colon [55], T cell targeting with agents,
such as alemtuzumab and abatacept, is an attractive
strategy. There are few reports of the use of such
therapies, but recently clinical experiences with
abatacept [45] and alemtuzumab [56] have been
reported. General safety concerns: As a class, con-
cerns regarding infections are noted but manageable
in most cases.

Effect of T-cell-directed therapies on tumor
immunity: Clearly, this is the great theoretic con-
cern as presumably the core mechanism of action of
CPIs is believed to be augmentation of failing cell-
mediated immune responses; thus, attenuating such
responses could theoretically reverse antitumoral
effects. Therefore, the loss of effective antitumoral
response is of great concern. Recently, two brief
reports have utilized alemtuzumab [56] and abata-
cept [57] successfully to treat myocarditis with no ill
effects on tumoral responses.

Many other targeted therapeutics not described
here, including agents, such as vedolizumab which
has a growing profile in the treatment of irAEs as
well as agents targeting IL-12/23 pathways, calci-
neurin antagonists, and beyond, also deserve further
consideration and investigation [42

&

].
The role of rheumatology in immune-related
adverse event management and research

At present, given the magnitude of the irAE spec-
trum as a clinical problem and its guarantee of only
dramatically increasing as immunotherapy contin-
ues to ascend in cancer treatment, there is a growing
need for clinicians and scientists who will specialize
in this evolving field. Although many subspecialists
focused on single organs are critical to the effort,
r Health, Inc. All rights reserved.
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clinicians, such as rheumatologists, with expertise
in multiorgan inflammatory and autoimmune dis-
eases, will be invaluable. Calls for such roles of
rheumatologists have recently been published [4].
CONCLUSION

irAEs represent a new field in autoimmunity and
many questions remain unanswered. From a
research perspective, there is urgently needed clar-
ification of the underlying immunopathogenesis of
these disorders. In terms of therapy, the potential of
targeted therapies is largely untapped and research
as to whether they are capable of effectively treating
immune-mediated toxicities while not hampering
desired antitumor responses is urgently needed.
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 CURRENT
OPINION Metabolic pathways mediate pathogenesis and

offer targets for treatment in rheumatic diseases

Brandon Wymana,c,� and Andras Perla,b,c,�

Purpose of review
The cause of autoimmune diseases remains incompletely understood. Here, we highlight recent advances in
the role of proinflammatory metabolic pathways in autoimmune disease, including treatment with
antioxidants and mechanistic target of rapamycin (mTOR) inhibitors.

Recent findings
Recent studies show that mTOR pathway activation, glucose utilization, mitochondrial oxidative
phosphorylation, and antioxidant defenses play critical roles in the pathogenesis of autoimmune diseases,
including rheumatoid arthritis, immune thrombocytopenia, Sjögren’s syndrome, large vessel vasculitis, and
systemic lupus erythematosus. mTOR activity leads to Th1 and Th17 cell proliferation, Treg depletion,
plasma cell differentiation, macrophage dysfunction, and increased antibody and immune complex
production, ultimately resulting in tissue inflammation. mTOR also affects the function of connective tissue
cells, including fibroblast-like synoviocytes, endothelial cells, and podocytes. mTOR inhibition via
rapamycin and N-acetylcysteine, and blockade of glucose utilization show clinical efficacy in both mouse
models and clinical trials, such as systemic lupus erythematosus.

Summary
The mTOR pathway is a central regulator of growth and survival signals, integrating environmental cues to
control cell proliferation and differentiation. Activation of mTOR underlies inflammatory lineage specification,
and mTOR blockade-based therapies show promising efficacy in several autoimmune diseases.

Keywords
antioxidant therapy, autoimmunity, metabolism, mitochondrial oxidative stress, mTOR, rapamycin

INTRODUCTION

The ability to control the immune system promises
the secret of health and longevity. As a complex web
of cytokine signaling, inter-cell communication,
and ubiquitous existence in almost every tissue of
the body, the immune system may just be the criti-
cal mediator of host physiology and pathology.
Increasingly, the role of the mechanistic target of
rapamycin (mTOR) pathway has been identified as a
critical mediator of immune function.

Discovered after an expedition to the island of
Rapa Nui (Easter Island), rapamycin (known clini-
cally as sirolimus) was isolated from soil Streptomyces
hygroscopicus. Rapamycin was noted for its many
properties, including antifungal and immunosup-
pressive effects [1,2]. These effects were found to be
because of rapamycin forming a complex with
FKBP12 and exerting its function on the aptly
named mTOR [3–5]. mTOR is a serine/threonine
kinase that acts as a central regulator of growth
and metabolic signals, integrating environmental
inputs and controlling cellular machinery [6].

mTOR exists within two separate complexes,
mTOR complex 1 (mTORC1) and mTOR complex 2
(mTORC2) (Fig. 1A). mTORC1 functions primarily to
stimulate cell growth downstream of growth factors,
nutrients, and energy. mTORC1 accomplishes growth
promotion by upregulating mRNA transcription, pro-
tein synthesis, and metabolic changes that include
lipid and nucleotide synthesis [6]. mTORC2 signaling
is less characterized but promotes cell survival and
proliferation downstream of certain growth factors.
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KEY POINTS

� The mTOR pathway integrates environmental cues to
shape and alter cellular phenotypes.

� mTOR activity, particularly in T cells, potentially drives
inflammation in a variety of autoimmune diseases.

� Targeted therapy of the mTOR pathway with
rapamycin, rapalogues, and novel inhibitors show
promising efficacy in the treatment of
autoimmune disease.

Role of metabolic pathways in rheumatic diseases Wyman and Perl
mTORC2-regulated pathways include apoptosis, glu-
cose metabolism, cell migration, cytoskeleton
arrangement, and ion transport to ensure survival of
the cell (Fig. 1A) [6].

The immunosuppressive effects of rapamycin led
to its approval by the FDA in 1999 for antirejection
therapy after kidney transplantation. Similarly,
 Copyright © 2020 Wolters Kluwe
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rapamycin showed promising results in alleviating
inflammatory autoimmune diseases, including
mouse models of lupus and multiple sclerosis [7–
9]. Because of its successful application in such ther-
apies, mTOR signaling in the immune system has
become of great interest. mTOR regulates many
facets of immune cell development, including con-
trol over whether T cells become regulatory-type
or effector-type cells [10–13]. In particular, dysregu-
lation of mTOR, along with altered immune cell
characteristics, prominently appears in the initiation
and progression of autoimmune diseases (Fig. 1B and
Table 1) [14]. This dysregulation has been identified
as a central biomarker of disease and target of treat-
ment, and in-depth understanding of the mTOR
pathway may unlock powerful treatment options
in a variety of diseases [14]. Here, current advances
in the understanding of the mTOR pathway in select
diseases, and therapeutic targeting of mTOR, will
be reviewed.
r Health, Inc. All rights reserved.
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Table 1. Pharmacological blockade of the mTOR pathway in autoimmune diseases

Disease Organ Target cell/antigen Effector mTOR blockade

SLE Systemic Podocyte/kidney neuron/brain
Hepatocyte/liver
Endothelium/vessel
Epithelium/lung/pleura/pericardium

DN/Th17 T cells
Treg/EMT contraction
B cells
Immune complexes

Rapa [52,57,65&], NAC
[66], Metformin [67]

APS Systemic Vascular endothelium T cells
B cells
Macrophages
Dendritic cells
Hepatocytes

Rapa [62,63,65&]

GN Kidney Podocytes T cells
B cells
Macrophages
Dendritic cells

Rapa [60]

RA Joint synovium Chondrocytes FLS
T cells
B cells
Macrophages
Dendritic cells

Everolimus [22],
NAC [68,69]

Osteoarthritis Joint Chondrocytes Chondrocytes Rapa [70,71]

PsA Skin, joint Keratinocytes, chondrocytes T cells
B cells
Macrophages
Dendritic cells

Rapa [72]

SSc Systemic Fibroblasts T cells
B cells
Macrophages
Dendritic cells

Rapa [73,74]

PHTN Lung Vascular endothelium, smooth muscle cells T cells
B cells
Macrophages
Dendritic cells

Everolimus [75]

Vasculitis Blood vessels Endothelial cells Endothelial cells
T cells
Macrophages

Rapa [47&,48&]

SjS Exocrine glands Glandular epithelium T cells
B cells
Dendritic cells

Rapa [44], NAC [76]

ITP Blood vessels Megakaryocytes/platelets T cells
B cells
Macrophages
Dendritic cells

Rapa [33,34]

AIHA Bone marrow RBCs T cells
B cells

Rapa [77]

AIHA, autoimmune hemolytic anemia; APS, antiphospholipid syndrome; EMT, effector memory T cell; FLS, fibroblast-like synoviocytes; GN, glomerulonephritis; ITP,
immune thrombocytopenia; NAC, N-acetylcysteine; PHTN, pulmonary hypertension; PsA, psoriatic arthritis; RA, rheumatoid arthritis; Rapa, rapamycin/sirolimus;
RBC, red blood cells; SjS, Sjögren’s syndrome; SLE, systemic lupus erythematosus; SSc, systemic sclerosis.

Immunopathogenesis and treatment of autoimmune diseases
MECHANISTIC TARGET OF RAPAMYCIN
CONTROLS IMMUNE CELL DEVELOPMENT
mTOR has a profound role in T-cell lineage devel-
opment. Part of the adaptive immune system, T cells
are critical to raising host defenses and maintaining
immunocompetence. T cells participate in both
upregulating and downregulating the immune
response by differentiating into effector T cells
and regulatory T cells (Tregs), respectively. T effector
cells can activate other members of the immune
 Copyright © 2020 Wolters Kluwer H
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system, whereas Tregs inhibit cytokine production
and cell proliferation. mTOR activation is critical for
the development of effector T cells, as mTOR activity
leads to STAT activation and transcription of genes,
such as STAT3-mediated induction of IL-17 and
IFNg [15]. T-cell activation and differentiation into
effector subtypes require promotion of glycolysis
and flux through the PPP, both of which are regu-
lated by mTOR [16

&

]. Specifically, proinflammatory
Th1 and Th17 cell differentiation require activation
ealth, Inc. All rights reserved.
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of mTORC1, whereas Th2 cell differentiation
requires mTORC2 [15]. mTORC1 induction of
Th17 differentiation is mediated by mTORC1 acti-
vation of S6K1 and a related kinase, S6K2 [17]. S6K2
activation targets nuclear translocation of RORg, a
transcription factor required for Th17 differentia-
tion, whereas S6K1 inhibits Gfi1, a negative regula-
tor of Th17 differentiation [17].

Rapamycin blocks the differentiation of Th17
cells, underscoring the necessity of mTORC1 signal-
ing in the development of proinflammatory cell
lineages [17]. Likewise, inhibition or depletion of
mTORC1 and mTORC2 together lead to an expan-
sion of regulatory T cells (Tregs) [15]. This dual
expansion of Tregs and contraction of T effector
cells highlight an important mechanism behind
mTOR’s role in promoting the inflammatory pro-
cess, as metabolic shifts mediated by mTOR activity
direct the lineage development of T cells [16

&

].
Aside from T cells, mTOR also controls the fate

of other immune cells. B-cell proliferation and sur-
vival occurs via the mTOR pathway, as rapamycin
has shown the ability to attenuate B-cell activating
factor (BAFF) stimulation [18,19

&

]. In macrophages,
rapamycin prevents the development of M2 macro-
phages (canonically antiinflammatory), without
having such an effect on M1 macrophages. mTOR
activity appears crucial for M2 macrophage devel-
opment [20]. mTOR is critical in the development of
multiple immune cell lineages. In turn, aberrations
in mTOR signaling can change the immune profile
of the body, leading to pathological autoimmunity.
RHEUMATOID ARTHRITIS

Joint destruction in rheumatoid arthritis (RA) is seen
as the end result of synovitis mediated by cytokine
and autoantibody production, and cartilage damage
mediated by intra-articular cells [21]. Previous
research has shown efficacy of mTOR blockade in
reducing joint inflammation in RA [22]. This effect is
seen despite any significant changes in T-cell mTOR
activity within RA patients [23]. However, RA does
exhibit increased mTORC1 activity in fibroblast-like
synoviocytes (FLS) and osteoclasts, with inhibition
of mTOR showing promise in targeting these intra-
articular cells [24]. Recent research has highlighted
the role of mTOR in TNF-mediated proinflamma-
tory functions [25

&

].
In RA-FLSs, TNF is shown to activate mTOR via

AKT. In turn, mTOR antagonizes NF-kB (via IkB-a),
while also promoting transcription of IFN-regu-
lated genes through STAT1 activation [25

&

].
mTOR’s inhibition of NF-kB may point to why
use of rapalogues increases inflammatory markers
in RA [22]. However, overall this novel pathway
 Copyright © 2020 Wolters Kluwe
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shows mTOR’s environmental sensing ability can
be coupled to proinflammatory cytokine and che-
mokine production, and therapeutic targeting of
mTOR in this pathway may be an efficacious strat-
egy in RA treatment.

The JAK/STAT pathway may also be a target for
RA treatment. Signal transducer and activator of
transcription 3 (STAT3) has been identified in
mouse models as a critical mediator of rheumatoid
arthritis and potential therapeutic target [26,27].
Because mTOR and STAT3 have complex crosstalk
between the two [15,28], targeted inhibition of the
JAK/STAT pathway as well as the mTOR pathway are
potentially valid approaches to therapy.
MECHANISTIC TARGET OF RAPAMYCIN
AND THROMBOCYTOPENIA

Immune thrombocytopenia (ITP) is a common
autoimmune-mediated platelet destruction syn-
drome thought to be because of abnormal T-cell
function [29]. ITP is marked by an increase in proin-
flammatory Th17 cells and a decrease in Tregs,
similar to other autoimmune diseases, covered
here, suspected to be under regulation of mTOR
[30]. However, how mTOR regulates T-cell function
specifically in the context of ITP remains unknown.
One study has shown that indirubin, a drug with
potentially therapeutic effect in ITP murine models,
ameliorates disease via increased expression of PD1
and PTEN, leading to the suppression of mTOR in
CD4þ T cells [31,32]. This work highlights a poten-
tial role for mTOR targeting. Indeed, inhibition of
mTOR has been used clinically to positive effects for
ITP. Rapamycin, when used in combination with
the corticosteroid prednisone, appears to have
promising potential in ITP therapy [33]. Combina-
tion therapy exhibited low toxicity and was shown
to lead to a sustained increase in platelets along with
an increase in Treg levels [33]. More recent report-
ing showed that sirolimus alone, instead of in com-
bination with prednisone, can also be effective for
ITP [34]. Sirolimus alone achieved complete
response in many cases, making it an attractive
option for sparing steroid use and limiting toxicity
of ITP therapy [34].

Interestingly, aside from T-cell abnormalities,
recent work highlights the role of the mTOR path-
way and autophagy within megakaryocytes in ITP
[35

&

]. Not only does ITP involve autoimmune
destruction of platelets, but also dysfunctional
platelet production by megakaryocytes [36]. Prolif-
eration of megakaryocytes and proper platelet pro-
duction is thought to be under the control of
autophagy pathways [37,38]. However, although
these catabolic signals are crucial for maintaining
r Health, Inc. All rights reserved.
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megakaryopoiesis and highlight the potential ben-
efit of autophagy-stimulating rapamycin treat-
ment, it appears, paradoxically, that mTOR
signaling is also required for platelet production
and that induction of autophagy may actually be a
pathogenic factor of ITP [39–41]. Although rapa-
mycin appears to be beneficial in ameliorating the
immune response and clinical disease, its effect on
megakaryocyte function, helpful or harmful,
requires further research. Overall, targeting
autophagy with rapamycin in ITP may be a prom-
ising therapeutic pathway to reduce inflammatory
destruction of platelets [42].
SJÖGREN’S SYNDROME

Sjögren’s syndrome (SjS) is defined by autoimmune
destruction of exocrine glands, as well inflamma-
tory damage to multiple organ systems [43]. Previ-
ous research has shown that mTOR is implicated in
the pathogenesis of SjS, as rapamycin was an effec-
tive therapy in a mouse model [44]. This effect was
because of inhibition of mTOR-mediated T-cell acti-
vation [44]. mTOR may also play a role in human
SjS, raising the potential of mTOR-based therapy in
this disease [45

&

]. Using peripheral blood mononu-
clear cells (PBMC) and salivary gland tissue. Inter-
estingly, circulating B cells appear to have decreased
expression of mTOR, whereas B cells within the
salivary glands show increased mTOR expression.
Plasma cells and T cells within the salivary gland
also showed mTOR activation [45

&

].
VASCULITIS

Takayasu arteritis and giant cell arteritis (GCA) are
two large vessel vasculitides whose etiology remains
elusive [46]. However, the mTOR pathway increas-
ingly appears to play a significant part in the path-
ogenesis of disease [47

&

,48
&

]. Within endothelial
cells of patients with Takayasu arteritis, both
mTORC1 and mTORC2 are shown to be activated
[47

&

,48
&

]. mTORC1 activity in GCA is contrasted by
recent work, as it may not be activated in GCA
endothelial cells [47

&

], or possibly have an interme-
diate activity between that of patients with
Takayasu arteritis and healthy controls [48

&

].
Further, mTORC1 potentially drives T-cell

inflammation in large vessel vasculitis, as rapamycin
treatment increases Treg and decreases effector T-
cell populations from cultured patient PBMCs [48

&

].
Interestingly, patient sera and purified IgG is shown
to activate mTORC1 and induce endothelial cell
proliferation, potentially by targeting a 60–65 kDa
antigen on endothelial cells [47

&

,48
&

]. Identification
of this antigen, and further research into the mTOR
 Copyright © 2020 Wolters Kluwer H
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pathway in vasculitides, is a promising avenue
of therapy.
SYSTEMIC LUPUS ERYTHEMATOSUS

Systemic lupus erythematosus (SLE) is a chronic
inflammatory disease with potentially life-threaten-
ing consequences [49]. Multiorgan involvement,
variable clinical course, and incompletely under-
stood pathogenic mechanisms create a challenge
for pharmacologic management [50]. However,
abnormal activation of T cells appears central to
SLE pathogenesis, and the role of mTOR in mediat-
ing these effects is critical. mTOR activation follows
T-cell receptor (TCR) signal transduction and con-
trols increased calcium fluxing in SLE, whereas rapa-
mycin normalizes this signaling defect [51,52,53

&

].
mTORC1 senses a variety of stress signals including
the accumulation of amino acids during autophagy,
such as leucine and isoleucine, kynurenine, and
glutamine [24]. Glutaminolysis may enhance mito-
chondrial oxidative stress and mTORC1 activation
in Th17 cells [54

&

] (2). Deficiency of mRNA splicing
also promotes activation of mTORC1 [55

&

]. Further,
mTOR activation in SLE T cells leads to the expan-
sion of IL-4-producing double-negative T cells,
expansion of Th17 cells, and contraction of Tregs,
which contribute to the proinflammatory profile of
SLE [56,57]. Other immune cells also contribute to
SLE pathogenesis. B cells are antibody-secreting cells
responsible for autoantibody production in SLE.
Evidence indicates that autoimmune B cells are
dependent on mTOR signaling [58]. SLC15A4, a
lysosomal histidine transporter, is necessary for B-
cell production of autoantibodies and type I IFN
downstream of Toll-like receptor 7 (a sensor of sin-
gle-stranded RNA) stimulation [58]. This pathway is
mediated by mTORC1, as loss of SLC15A4, and
direct inhibition of mTOR, lead to disruption of
mTORC1 signaling and ablation of autoantibody
production [58].

Paradoxically, mTOR appears to mediate an
antiinflammatory M2 phenotype of macrophages,
rather than proinflammatory M1 phenotype and
rapamycin treatment actually promotes a shift
towards M1 macrophages [20]. Interestingly, M2
macrophages are a dominant subpopulation in
lupus nephritis biopsies, but whether these macro-
phages are there to rescue the disease or contribute
to pathogenesis is unclear [59]. The possibility
remains that the ‘canonical’ roles of M1/M2 macro-
phages are reversed in lupus nephritis.

mTOR prominently features in specific organ
involvement of SLE. Kidney damage is a potentially
fatal consequence of SLE [49]. In a murine model of
complex-mediated glomerulonephritis, rapamycin
ealth, Inc. All rights reserved.
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treatment is beneficial in treating disease and pro-
longing survival [60]. Leukocyte infiltration, includ-
ing B cells, T cells, and macrophages, is a hallmark of
glomerulonephritis, and this infiltration appears to
be under the control of mTOR and treatable by
rapamycin [60]. Glomerular architecture is also
important in lupus nephritis. Podocytes maintain
the slit-diaphragm filtration system of the kidney
and are known to be injured in lupus nephritis [61

&

].
In lupus nephritis, these podocytes exhibit
increased autophagy [61

&

]. Inhibiting this autopha-
gic process further aggravated podocyte damage,
whereas induction of autophagy ameliorated dis-
ease, raising the possibility that podocytes upregu-
late autophagy in a protective attempt [61

&

].
Antiphospholipid antibodies (aPL) are a diag-

nostic criterion of SLE, leading to antiphospholipid
syndrome (APS), which can occur in patients with
and without SLE.

mTORC1 and mTORC2 are activated in APS
endothelial cells, associated with intimal hyperpla-
sia, and APS IgG stimulates endothelial cell mTOR
activity in vitro [62]. Further, sirolimus is clinically
beneficial for APS kidney transplant recipients.
These patients exhibit reduced renal lesions, stable
GFR, and improved graft survival, compared to
patients that did not receive sirolimus [62]. Further
research in mouse models of APS show rapamycin
treatment is capable of blocking antiphospholipid
antibody production [63].

Targeting mTOR in SLE therapy is promising.
In several SLE murine models, inhibition of mTOR
decreases production of autoantibodies, decreases
proteinuria (a marker of kidney damage), decreases
inflammation in multiple organ systems, and even
expands lifespan [8,60,64],. In human patient pop-
ulations, a recent phase I/II trial studied sirolimus
in SLE patients resistant/ intolerant of conven-
tional treatment [65

&

]. After 12 months of treat-
ment, more than half of patients responded
to sirolimus therapy, showing decreased disease
activity, decreased prednisone usage, sustained
antiphospholipid antibody reduction, and restored
altered Treg/Th17 ratios [65

&

]. Notably, immuno-
phenotype changes were predictive of responders
of nonresponders, identifying immunophenotyp-
ing as an important biomarker for precision
medicine, although the mechanisms underlying
differential response require further study.
CONCLUDING REMARKS

mTOR signaling, although vastly complex, works to
incorporate catabolic and anabolic signals to deter-
mine cell fate. By directly and indirectly sensing
amino acids, growth hormones, energy, and other
 Copyright © 2020 Wolters Kluwe
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factors, mTOR regulates downstream signals of
growth, proliferation, and survival. Although some
deride mTOR for doing everything, it is important to
appreciate the role it has in the development and
mediation of autoimmunity. mTOR activation and
proinflammatory changes lie at the heart of many
autoimmune disorders. mTOR is critical to the skew-
ing of Treg/Th17 populations, pathogenesis of other
immune cells, and controlling autophagic pathways
in multiple cell types in various organs. Targeting
this pathway, through both conventional and novel
mTOR inhibitors, unlocks a promising therapy in
the diseases covered here, among others.

However, some questions remainoutstanding for
a more complete picture of this therapeutic goal.
Primarily, identification of patients that will benefit
from treatment and become successful responders is
an important goal in the era of precision medicine.
Although immunophenotyping is predictive of those
patients that respond to therapy after initiation, the
ability to predict those who will respond to treatment
beforehand remains elusive [65

&

]. Similarly, predict-
ing patients that will experience adverse events from
conventional mTOR inhibitors, such as sirolimus, is
critical for tailoring treatment to populations that
will tolerate it. Serious side effects of mTOR inhibi-
tion include hyperlipidemia, pneumonia, and sepsis
[14]. Identification of patients at risk of developing
these side effects would be extremely beneficial to
therapy goals. In the meantime, combination or
alternative therapies that target the mTOR pathway
may increase the beneficial effects of sirolimus and
reduce side effects. One example of such treatment is
N-acetyl cysteine (NAC), a metabolite that shows
promising potential in the treatment of SLE via alter-
ing the mTOR pathway [66]. NAC reduces reactive
oxidative species upstream of mTOR activation and
may attenuate oxidative damage [66]. Combination
therapy of NAC and sirolimus could have synergistic
effects in therapy, allowing a lower dose and better
control of serious side effects. Future work should be
directed at successful mitigation of mTOR’s proin-
flammatory effects, while simultaneously mitigating
the off-target effects of mTOR therapy. In pursuit of
this, a more complete understanding of the molecu-
lar mechanisms behind mTOR signaling can help in
the development of new therapeutic targets.
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 CURRENT
OPINION Metabolic control of T cells in autoimmunity

Michihito Konoa, Nobuya Yoshidab, and George C. Tsokosb

Purpose of review
Th1, Th17, and Treg cells play distinct roles in autoimmune diseases, including systemic lupus
erythematosus, multiple sclerosis, and rheumatoid arthritis. During the last 5 years we have learned that
T-cell metabolism affects cell survival, differentiation and fate of T cells.

Recent findings
We highlight recent studies which have reported on T-cell metabolism in autoimmune diseases, differences
in cellular metabolisms in T-cell subsets among various diseases and transcription factors which control the
expression and function of central metabolic enzymes.

Summary
Distinct metabolic processes control the function of T-cell subsets in autoimmune disease and known
transcription factors control the activity of metabolic enzymes. The revealed insights into the metabolic
events of immune cells offer opportunities for new therapeutic approaches.

Keywords
autoimmune disease, fatty acid oxidation, glutaminolysis, glycolysis, T cell

INTRODUCTION

Autoimmune diseases including systemic lupus
erythematosus (SLE), rheumatoid arthritis (RA),
and multiple sclerosis (MS) arise from the combined
action of effector and regulatory immune cells,
which instigate inflammation and damage in mul-
tiple (SLE) or distinct (joints in RA and central
nervous system in MS) organs [1,2]. Cell metabolism
is central to cell differentiation, proliferation, sur-
vival, and pathophysiology in many diseases includ-
ing cancer and autoimmune diseases [3,4]. Better
understanding of the involved metabolic processes
has led to the introduction of modulators of metab-
olism in clinical trials [4]. In this review, we sum-
marize recent reports on T-cell metabolism in
autoimmune diseases and we focus on the control
of metabolic enzymes by transcription factors.

T-CELL SUBSETS IN AUTOIMMUNITY

T cells are important in the expression of autoim-
mune diseases including SLE, RA, and MS [5]. Naı̈ve
CD4þ T cells become activated and differentiated
into Th1, Th2, Th17, follicular helper CD4þ T (TFH)
or Treg cells after encountering a specific antigen.
Th1 cells produce interferon-g (IFNg) and tumor
necrosis factor. IFNg drives the activation of macro-
phages, induces of class II major histocompatibility
complex molecule expression, and is involved in

autoinflammatory and autoimmune diseases. Inter-
leukin-12 (IL-12) is needed for Th1 cell differentia-
tion, which depends on the T-box transcription
factor (T-bet) and signal transducer and activator
of transcription 4 (STAT4) [6,7]. Th2 cells are impor-
tant in the development of the humoral response
and to prevent infections from parasites and other
extracellular pathogens. Th2 cells are involved in
allergic conditions including bronchial asthma. IL-
4, the transcription factor GATA binding protein 3
(GATA-3), and STAT6 are requisite for Th2 cell dif-
ferentiation. Th17 cells are IL-17-producing CD4þ T
cells and are important in the defense against extra-
cellular pathogens and the pathogenesis of autoim-
mune diseases including MS, SLE, and psoriasis [8–
11]. RAR-related orphan receptor gamma (RORg)
and STAT3 are crucial for Th17 cell differentiation
[12,13]. Treg cells are the most important cells in the
suppression of self-reactive T cells. Treg cells are
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KEY POINTS

� Th1, Th17, and TFH cells utilize mainly glycolysis,
whereas Treg cells use FAO and pyruvate-
dependent OXPHOS.

� Distinct enzymes and transcription factors linked to
T-cell lineage differentiation appear to accomplish their
effects by controlling the expression and activity of
distinct metabolic enzymes.

� Modulation of the activity of enzymes involved in
immune cell metabolism may prove of
therapeutic importance.

Metabolic control of T cells in autoimmunity Kono et al.
typified by the expression of the Forkhead transcrip-
tion factor Foxp3 and their differentiation depends
on the presence of transforming growth factor b

(TGFb) and STAT5 [14]. TFH cells are important in
the formation and maintenance of germinal centers
and the selection and survival of B cells. High
expression of C-X-C Motif Chemokine Receptor 5
(CXCR5) with low expression of C-C chemokine
receptor type 7 (CCR7) are important for migration
of TFH cells into the B-cell follicle [15]. Inducible
costimulator (ICOS), programmed cell death protein
1 (PD-1), and CD40L are also expressed on TFH cells
and these molecules are requisite for the activation
of B cells [16–18]. TFH cells have been claimed to be
involved in the pathogenesis of SLE, Sjogren’s syn-
drome, and vasculitis [19,20].
CELL METABOLISM

Cellular metabolism is central to the T-cell differen-
tiation [21,22] and operates mainly through glycol-
ysis, glutaminolysis, and fatty acid oxidation (FAO).
An overview of the metabolic pathways, the related
transcription factors, and regulators of cellular
metabolism are shown in Fig. 1. Activated T cells
use aerobic glycolysis, pentose phosphate pathway,
and glutaminolysis. Th1 and Th17 cells use primar-
ily aerobic glycolysis, whereas naı̈ve T cells, Treg
cells, and memory T cells use mainly FAO and
oxidative phosphorylation (OXPHOS). Th17 cells
depend on glutaminolysis more than other T-cell
subsets [23]. Th17 cells also use fatty acid synthesis
compared with Treg cells [24].
GLYCOLYSIS

Glycolysis is essential for cell proliferation and
involves the conversion of glucose into pyruvate
through eight metabolic intermediates. Ten
enzymes, including hexokinase, glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), and pyruvate
 Copyright © 2020 Wolters Kluwe
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kinase are involved in this pathway (Fig. 2). Through
these reactions, glycolysis generates two pyruvate,
two adenosine triphosphate (ATP), and two reduced
nicotinamide adenine dinucleotide (NADH) mole-
cules from each glucose molecule. Pyruvate is con-
verted to lactate by lactate dehydrogenase (LDH) or
converted to acetyl CoA by pyruvate dehydrogenase
(PDH) to fuel tricarboxylic acid (TCA) cycle. Aerobic
glycolysis is a process in which glucose is converted
to lactate in the presence of oxygen. In Th17 cells,
LDH production is promoted, whereas PDH is inac-
tivated [25]. Furthermore, lactate itself can induce
the generation of Th17 cells [26].
GLUTAMINOLYSIS

In addition to glycolysis glutaminolysis has a crucial
role in energy production in all proliferating cells
including lymphocytes and cancer cells. Glutamine
is transported in to the cells by the alanine, serine,
and cysteine-preferring transporter 2 (ASCT2). Glu-
tamine is converted to glutamate by glutaminase and
is subsequently converted to a-ketoglutarate by glu-
tamate dehydrogenase (Fig. 2). Glutaminase has
two isoforms: glutaminase 1 (kidney isoform) and
glutaminase 2 (liver isoform). Glutaminase 1 has
more enzymatic activity than glutaminase 2.
FATTY ACID OXIDATION, FATTY ACID
SYNTHESIS, AND CHOLESTEROL
BIOSYNTHESIS

Fatty acid oxidation (FAO) is a mitochondrial aero-
bic process responsible for generating acetyl CoA
from fatty acids. It involves a repeated action of four
enzymes that generate NADH and flavin adenine
dinucleotide (FADH2), which are used by the elec-
tron transport chain to produce ATP. In contrast,
fatty acid synthesis is a cytosolic process whereby
end products of glucose catabolism are converted to
fatty acids. Cholesterol is synthesized from acetyl-
coenzyme A by the hydroxymethylglutaryl-coen-
zyme A. This precursor goes through a multistep
enzymatic reaction and it eventually yields choles-
terol [27] (Fig. 2).
TRICARBOXYLIC ACID CYCLE AND
ELECTRON TRANSPORT CHAIN

TCA cycle is a series of chemical reactions to produce
NADH, FADH2, and precursors of amino acids in
mitochondria. TCA cycle utilizes acetyl-CoA from
glycolysis and FAO and a-ketoglutarate from gluta-
minolysis. To generate ATP, NADH produced by the
TCA cycle is used in the OXPHOS complexes, which
are present in the inner membrane of mitochondria.
r Health, Inc. All rights reserved.

rved. www.co-rheumatology.com 193



FIGURE 1. Cellular metabolism and related regulators in T cells. Each T-cell subset favors its unique metabolic process. AMPK,
adenosine monophosphate-activated protein kinase; FAO, fatty acid oxidation; GATA-3, GATA binding protein 3; HIF1a,
hypoxia inducible factor 1 alpha; mTORC, mammalian target of rapamycin complex; OXPHOS, oxidative phosphorylation;
RORg, RAR-related orphan receptor gamma; STAT, signal transducer and activator of transcription; T-bet, T-box transcription
factor.

Immunopathogenesis and treatment of autoimmune diseases
These complexes are known as NADH: ubiquinone
oxidoreductase (complex I), succinate dehydroge-
nase (complex II), cytochrome bc1 complex (com-
plex III), cytochrome c oxidase (complex IV), and
ATP synthase (complex V) [28

&&

]. Metformin, widely
used for the patients with type 2 diabetes, inhibits
the mitochondrial complex I [29].
 Copyright © 2020 Wolters Kluwer H

194 www.co-rheumatology.com
METABOLISM IN TH1 AND TH17 CELLS
Glycolysis which is widely used by Th1 and Th17
cells can be exploited therapeutically in diseases like
SLE and MS, which depend pathogenetically on
these two cell lineages. Th1, Th2, and Th17 cells
express high surface levels whereas Treg express low
levels of the glucose transporter, Glut1 [30]. A
ealth, Inc. All rights reserved.
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FIGURE 2. Control of metabolic pathways by transcription factors and kinases. Cellular metabolism is controlled by many
transcription factors and kinases. Dark grey arrow indicates ‘enhance or activate’, whereas light grey line indicates ‘inhibit or
inactivate’. a-KG, a-ketoglutarate; AMPK, adenosine monophosphate activated protein kinase; CaMK4, calcium/calmodulin–
dependent protein kinase IV; CREM, cAMP response element modulator; ETC, electron transport chain; HIF1a, hypoxia
inducible factor 1 alpha; ICER, inducible cAMP early repressor; mTORC, mammalian target of rapamycin complex; OXPHOS,
oxidative phosphorylation; PDH, pyruvate dehydrogenase; PDP, pyruvate dehydrogenase phosphatase catalytic subunit; PI3K,
Phosphoinositide 3-kinases; PKM2, pyruvate kinase muscle isozyme 2; TCR, T-cell receptor.
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glucose transporter inhibitor, CG-5, reduces Th1
and Th17-cell differentiation, promotes Treg induc-
tion, and ameliorates disease in B6.NZM2410.Sle1.
Sle2.Sle3 (TC) lupus-prone mice [31

&

]. Inhibition
of glycolysis by 2-deoxy-d-glucose (2-DG) reduces
Th1 [29] and Th17 cell differentiation [25,32] and it
 Copyright © 2020 Wolters Kluwe
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ameliorates experimental autoimmune encephalo-
myelitis (EAE) [32]. Although 2-DG monotherapy
has partial efficacy when administered to TC mice,
when combined with metformin, mitochondrial
electron transport chain complex I inhibitor, leads
to normalization of T-cell metabolism and reversal
r Health, Inc. All rights reserved.
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of disease activity [29]. In RA T cells, the pentose
phosphate pathway, which branches off the early
steps of glycolysis, is enhanced and it promotes Th1-
cell and Th17-cell differentiation [33].

TCA cycle is also required for Th1 and Th17
differentiation, however, the activity of succinate
dehydrogenase (OXPHOS complex II) suppresses
Th1-cell differentiation whereas complex I of the
electron transport chain is required for Th1-cell and
Th17-cell differentiation [28

&&

]. It appears that mol-
ecules generated during the TCA cycle control the
expression of genes involved in T-cell activation
through histone acetylation [28

&&

].
THE MAMMALIAN TARGET OF
RAPAMYCIN AND GLYCOLYSIS

The mammalian target of rapamycin (mTOR) is
a member of the phosphatidylinositol 3-kinase-
related kinase. It serves as a core component of
two distinct protein complexes, mTOR complex 1
(mTORC1) and mTOR complex 2 (mTORC2). Th1
and Th17 cells depend on mTORC1 and mTORC1
enhances glycolysis [32,34]. Furthermore, mTORC1
induces fatty acid synthesis and the mevalonate
pathway [35]. Inhibition of mTOR results in reduc-
tion of glycolysis and Th1 and Th17 differentiation
[32,34]. Recently, the mTOR inhibitor sirolimus was
used in a single-arm, open-label, phase I/II trial in
patients with refractory SLE and showed improved
disease activity [36]. Placebo-controlled clinical tri-
als in diverse patient populations are required to
define the efficacy of this drug in patients with SLE.
MYELOCYTOMATOSIS ONCOGENE AND
HYPOXIA INDUCIBLE FACTOR 1 ALPHA

T-cell receptor (TCR) signaling induces the expres-
sion of the transcription factor myelocytomatosis
oncogene (Myc), which amplifies glycolysis and
glutaminolysis [37]. hypoxia inducible factor 1
alpha (HIF1a) is also induced following TCR signal-
ing and mTORC1 activation. Although HIF1a

is degraded under normoxic conditions by von
Hippel-Lindau E3 ubiquitin ligase (VHL), in Th17
cells HIF1a is overexpressed even under normoxic
conditions and increases glycolysis.
CALCIUM/CALMODULIN–DEPENDENT
PROTEIN KINASE IV AND GLYCOLYSIS

T-cell antigen receptor signaling phosphorylates
a serine/threonine kinase, calcium/calmodulin–
dependent protein kinase IV (CaMK4). Inhibition
of CaMK4 reduces disease activity in lupus-prone
MRL/lpr mice [38,39

&

] and EAE [40,41]. We asked
 Copyright © 2020 Wolters Kluwer H
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whether CaMK4 accomplishes these effects by alter-
ing cell metabolism through biochemical means.
We found that CaMK4 binds pyruvate kinase muscle
isozyme 2 (PKM2) [42], the enzyme which is
involved in the last step of glycolysis. Indeed, bind-
ing of CaMK4 to PKM2 led to enhanced pyruvate
kinase activity and glycolysis [42] (Fig. 2). Further-
more, PKM2 was proven requisite for Th1-cell
and Th17-cell differentiation and its silencing or
pharmacologic inhibition limits disease activity in
EAE [42].
INDUCIBLE cAMP EARLY REPRESSOR IS
A METABOLIC REGULATOR IN TH17 CELLS

The cAMP response element modulator (CREM)
moderates the transcription of cAMP-responsible
genes [43]. CREM splice variants CREMa and induc-
ible cAMP early repressor (ICER) are increased in
Th17 cells [44]. We asked whether CREM/ICER con-
trols Th17 generation by modulating the activity of
metabolic enzymes. Indeed, we found that CREM/
ICER controls the entry in to the TCA cycle and
promotes the glycolytic source of energy whereas in
parallel it promotes glutaminolysis.

The enzymatic activity of PDH is inhibited in
Th17 cells to promote conversion of pyruvate to
lactate by promoting the activity of PDH kinase,
which phosphorylates PDH (active form) to phos-
pho-PDH (inactive form) [25]. PDH phosphatase
makes PDH active (Fig. 2). We found that ICER binds
the cAMP-response element (CRE) of PDH phospha-
tase catalytic subunit 2 (Pdp2) promoter, suppresses
the Pdp2 gene expression, and reduces PDH enzy-
matic activity [45] (Fig. 2). Forced expression of
PDP2 into naı̈ve CD4 cells reduced their differentia-
tion in to Th17 cells [45]. In parallel, we demon-
strated that ICER binds a CRE site in the glutaminase
1 promoter and enhances its expression [23] (Fig. 2).
These findings have revealed that ICER promotes
both glycolysis and glutaminolysis and enhances
Th17-cell differentiation.
TH17 CELLS AND GLUTAMINOLYSIS

Th17 cells depend on glutaminolysis more than the
other T-cell subsets and glutaminase 1 expression in
Th17 cells is increased compared to that in the other
T-cell subsets [23]. Inhibition or depletion of gluta-
minase 1 reduces Th17 differentiation [23,46

&&

], but
not the differentiation to other T-cell subsets [23].
The glutaminase 1 inhibitor, bis-2-(5-phenylaceta-
mido-1,3,4-thiadiazol-2-yl)ethyl sulfide (BPTES)],
ameliorates EAE and lupus in MRL/lpr mice
[23,47]. On the other hand, deficiency the gluta-
mine transporter ASCT2 limits Th1 and Th17
ealth, Inc. All rights reserved.
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differentiation [48]. Glutamate oxaloacetate trans-
aminase 1 (GOT1), which converts glutamate into
a-ketoglutarate, leads to increased levels of 2-
hydroxyglutarate in differentiating Th17 cells,
which results in hypermethylation of the Foxp3
gene locus and inhibition of Foxp3 transcription.
Inhibition of the conversion of glutamate to a-keto-
glutaric acid prevents the production of 2-hydrox-
yglutarate, reduces methylation of the Foxp3 gene
locus, and increases Foxp3 expression, a process that
leads to blockade of the differentiation of Th17 cells.
At the translational level, selective inhibition of
GOT1 with (aminooxy)acetic acid ameliorates EAE
and implied therapeutic opportunities [49].
CELLULAR METABOLISM IN Treg CELLS

Foxp3 is essential for Treg cell differentiation and
function [50]. Foxp3-deficient Treg cells lack sup-
pressor function and manifest an effector T cell–like
phenotype [50,51]. Treg cells favor FAO and pyru-
vate-dependent OXPHOS [25,30,32,52]. Foxp3 itself
suppresses glycolysis and promotes OXPHOS [53].
Upregulation of the glucose transporter Glut1 in
Treg cells inhibits Foxp3 expression and its associ-
ated suppressive cell functions [54]. Foxp3 defi-
ciency dysregulates mTORC2 and promotes
glycolysis and OXPHOS [55

&&

]. Specific deletion of
the mTORC2 adaptor gene Rictor in Foxp3-deficient
Treg cells reduces glycolysis and OXPHOS, and sup-
presses the effector T cell-like phenotype [55

&&

]. Treg
cells exhibit high activity of serine-threonine phos-
phatase PP2A [56]. Treg cell-specific depletion of
the PP2A complex increases both glycolysis and
OXPHOS and results in a multiorgan autoimmune
disorder [56]. Treg cell-specific ablation of mito-
chondrial electron transport chain complex III
reveals a loss of T-cell suppression capacity without
inhibiting Treg cell proliferation and leads to the
development of fatal inflammatory disease in mice
[57

&&

].
ADENOSINE MONOPHOSPHATE-
ACTIVATED PROTEIN KINASE AND CELL
METABOLISM

Adenosine monophosphate-activated protein
kinase (AMPK) is a serine/threonine kinase, which
is induced through TCR signaling and increased
intracellular ratio of adenosine monophosphate
(AMP) to ATP activates AMPK. AMPK induces
the expression of carnitine palmitoyl transferase I
(CPT I), a rate-limiting enzyme in FAO and increases
FAO, whereas AMPK-dependent phosphorylation of
acetyl-CoA carboxylase inhibits fatty acid synthesis
[58]. AMPK function depends on myristolation by
 Copyright © 2020 Wolters Kluwe
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N-myristoyltransferase (NMT1), which allows its
transfer to the lysosomal compartment. NMT1 lev-
els are decreased in T cells from patients with RA and
this allowes them to display more mTORC1 and to
differentiate more in to Th1 and Th17 cells. Forced
expression of NMT rescues AMPK activation and
limits synovitis [59].
CELLULAR METABOLISM IN TFH CELLS

TFH cells are expanded in lupus-prone mice and
circulating TFH cells are increased in the patients
with SLE and their numbers correlate with the dis-
ease activity. 2-DG reduces the frequency and num-
ber of TFH cells and also reduces the production of
anti-dsDNA antibody [60]. Inhibition of glutaminol-
ysis with the glutamine analog 6-diazo-5-oxo-L-nor-
leucine can also reduce the frequency of TFH cells
and the production of anti-dsDNA antibody [60].
These studies further expand the opportunities
to treat autoimmune diseases by modulating meta-
bolic processes.
METABOLISM IN OTHER T CELLS

gd T cells are important in the pathogenesis of
psoriasis, spondylarthritis, and EAE [61]. Loss of
the regulatory-associated protein of mTOR (RAP-
TOR)-mediated mTORC1 activity reduces glycolysis
and promotes OXPHOS. Interestingly, it impaired
the development of ab T cells but promoted the
generation of gd T cells [62]. Type 1 regulatory T cell
(Tr1) cells are Foxp3� regulatory CD4þ T cells, which
produce IL-10 [63] and they are important in the
control of inflammation. Glycolysis supports Tr1
cell differentiation through HIF1a and a ligand-
activated transcription factor, aryl hydrocarbon
receptor [64]. CXCR5�CXCR3þ programmed death
1 (PD1)hiCD4þ helper T-cell population is distinct
from TFH cells and are expanded in the blood of
patients with SLE and the tubulointerstitial lesions
of patients with proliferative lupus nephritis. These
cells produce IL-10 and accumulate mitochondrial
reactive oxygen species as the result of reverse elec-
tron transport fueled by succinate [65

&&

].
CONCLUSION

T-cell metabolism dictates the fate and function of
T cells. Although not in absolute terms, the genera-
tion of each of the recognized T-cell lineages is
dictated by distinct metabolic processes. Recent
studies have demonstrated that enzymes and tran-
scription factors known to control T-cell lineage
differentiation accomplish this by controlling the
expression and activity distinct metabolic enzymes.
r Health, Inc. All rights reserved.
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Pharmacologic or genetic manipulation of the met-
abolic processes in murine models of human auto-
immune diseases has opened new opportunities to
treat human disease. Drugs able to modulate meta-
bolic processes have already been introduced in the
treatment of patients with cancer and therefore
their repurposing for the treatment of autoimmune
diseases should be forthcoming. Although such
drugs may not be able to induce remission in active
disease, it is quite plausible that they will serve well
in its maintenance, prevention of relapse, and min-
imization of the use of steroids.
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