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Research highlights

Inflammation Clinical trials Myositis
Blocking CDK7 attenuates Inebilizumab Abatacept for
inflammatory arthritis shows promise myositis

RNA polymerase Il pausing
during the transcription cycle
regulates the expression of
numerous genes in macrophages,
but how it influences inflamma-
tion has remained unclear. New
research suggests that interfer-
ing with the transcription cycle
by targeting the transcription
kinase CDK7 could offer away to
treat rheumatoid arthritis (RA)
and other inflammatory diseases.
Theresearchers found
that inhibition of CDK7 can
disrupt RNA polymerase I
promoter-proximal pausing,
and that this disruption hasa
profound anti-inflammatory
effect. “This effectis rapid,
transcriptional and quite unex-
pected,” notes Inez Rogatsky,
corresponding author of the
study published in Science
Translational Medicine. “It
is exciting that we were able
toreverse a pre-established
and ongoing inflammatory
programme, notjust ‘prevent’it.”
Initial experimentsinbone
marrow-derived macrophages
from mice showed that myeloid-
specific genetic ablation of NELF,
animportantcomponentofthe
RNA polymerase Il pausing
complex, ledtoincreased expres-
sion of anti-inflammatory genes
inresponse to stimulation with
lipopolysaccharide. NELF abla-
tionin macrophages also attenu-
ated disease severity in mice
with K/BxN serum transfer
arthritis,amodel of acute,
macrophage-dependentarthritis.
Theresearchers then showed
that RNA polymerase Il pausing
could be blocked pharmaco-
logically in mouse and human
macrophages using the CDK7
inhibitors THZ1and YKL-5-124.
Similar to genetic loss of
NELF, both inhibitors sup-
pressed the lipopolysaccharide-
induced upregulation of
pro-inflammatory genes and

downregulation of homeostatic
and anti-inflammatory genesin
mouse macrophages. CDK7 inhi-
bition with YKL-5-124 was also
ableto disrupt RNA polymerase
pausing and reprogramme the
inflammatory transcriptomein
human macrophages that had
beenincubated with TNF and
IFNy for 24 htoinduce
inflammatory polarization.
Invivo, CDK7 inhibition
reduced disease severity and
duration in mice with K/BxN
serum transfer arthritis and also
inhibited inflammation and joint
destructionin human TNF trans-
genic mice, amodel of chronic
progressive inflammatory
arthritis. Finally, in synovial cells
isolated from patients withRA,
treatment with YKL-5-124 ex vivo
suppressed the expression of
genes and pathways related to
inflammation and upregulated
anti-inflammatory genes.
Notably, CDK7 hasemerged as
apromising therapeutic target
incancer, and CDK7 inhibitors
have been welltolerated in early
clinicaltrialsin that setting. The
present study suggests that tar-
geting CDK?7 also warrants atten-
tion as a potential treatment for
RA and possibly other inflam-
matory diseases, although some
questions remain. “Itisnot clear
why pro-inflammatory genes
and pathways are downregulated
whereas those that signify a
non-inflammatory, ‘homeostatic’
macrophage state are not, or are
evenupregulated,” notes Rogat-
sky, adding that further work is
alsoneeded to understand how
CDK7inhibition affects the many
other celltypesinvolvedinthe
pathogenesis of arthritis.
Sarah Onuora
Original article: Chen, X. et al. Disrupting
the RNA polymerase |l transcription cycle
through CDK7 inhibition ameliorates

inflammatory arthritis. Sci. Transl. Med. 16,
eadq5091(2024)

forlgG4-RD

Results from the phase I11
MITIGATE trial demonstrate the
efficacy of CD19-targeted B cell
depletion with inebilizumab for
the treatment of IgG4-related
disease (IgG4-RD), a condition
for which there are currently no
approved pharmacotherapies.

Inthe parallel-cohort,
double-blind trial, conducted
at 80 sites across 22 countries,
135 adults with active IgG4-RD
were randomly assigned to
receive treatment with inebili-
zumab or placebo; for all partici-
pants, glucocorticoid treatment
was tapered over 8 weeks.

Over the 52-week treatment
period, inebilizumab treatment
reduced therisk of IgG4-RD
flare by 87% compared with
placebo; 10% of participants
inthe inebilizumab group and
60% of those in the placebo
group experienced >1 disease
flare. More participantsin the
inebilizumab group achieved
flare-free, treatment-free com-
plete remission (57% versus 22%)
at 52 weeks. During the treat-
ment period, 90% of the inebi-
lizumab group discontinued
glucocorticoid treatment
entirely, compared with 37%
of'the placebo group.

Therate of adverse events
was similar across both groups,
although serious adverse events
were more frequent among those
who received inebilizumab (19%
versus 9%). Long-term studies
are needed to confirm the safety
and efficacy of inebilizumab
treatment for IgG4-RD.

Sarah Onuora
Original article: Stone, J. H. et al.
Inebilizumab for treatment of IgG4-related

disease. N. Engl. J. Med. https://doi.org/
10.1056/NEJM0a2409712 (2024)

Related article: Perugino, C. A. &

Stone, J. H. IgG4-related disease: an update
on pathophysiology and implications

for clinical care. Nat. Rev. Rheumatol. 16,
702-714 (2020)

Encouraging results from case
reports and early trials suggested
that abatacept could be an effec-
tive treatment for idiopathic
inflammatory myopathy (1IM).
Now reported in Arthritis & Rheu-
matology, aphase lll clinical trial
of abatacept for [IM failed to meet
its primary endpoint, but analysis
oftheresults suggests that abata-
cept could have benefits insome
subtypes of IM.

Inthe multicentre, inter-
national trial, 149 adults with
active, treatment-refractory
IIM were randomly allocated to
receive subcutaneous abatacept
(125 mg weekly) or placebo,
in combination with standard
treatment. At 24 weeks, 56.0% of
the abatacept group and 42.5%
of the placebo group met the
IMACS definition of improve-
ment. In additional analysis, no
between-treatment differences
were observed among patients
with dermatomyositis, but
among those with polymyositis
orimmune-mediated necrotiz-
ing myopathy response rates
were higher in the abatacept
group thanin the placebo group
(57.1% versus 32.3%).

Following a further 24-week
open-label period, 69.8% of
those who continued abatacept
and 69.0% of those who switched
to abatacept from placebo
met the IMACS definition of
improvement, suggesting a sus-
tained benefit with abatacept up
tolyear. The addition of abata-
cept tostandard treatment was
safe and generally well tolerated
inthe trial.

Sarah Onuora

Original article: Aggarwal, R. et al. Efficacy
and safety of subcutaneous abatacept +
standard treatment for active idiopathic
inflammatory myopathy: phase Ill
randomised controlled trial. Arthritis

Rheumatol. https://doi.org/101002/
art.43066 (2024)
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Research highlights

Rheumatoid arthritis

Synovial dendritic cell subsetsin RA

Dendritic cell (DC) phenotypes
determine the tolerogenic or
pro-inflammatory outcome of
animmune response. A study
published in /mmunity “sought
to explore the role of synovial
DCsubsets in shaping tissue
niches and regulating immune
tolerance versus autoimmunity
inrheumatoid arthritis (RA),”

as Mariola Kurowska-Stolarska,
co-corresponding author,
explains. “This huge piece of
work leverages multiple technol-
ogies to detail the subtypes of
synovial DCsin health and active
RA, their differentiation path-
ways fromblood and their inter-
actions with CD4" T cells, giving
new insight into the develop-
ment of synovial nichesin active
RA aswell asinto how remission
isinitiated or lost,” notes Ranjeny
Thomas, researcher of DC biol-
ogy in RAwho was notinvolved
inthe study.

The most dominant DC
subset in the healthy synovium,
located primarily beneath the
macrophage-populated lining
layer, was a DC2 population that
expressed theimmune check-
point AXL and genesimplicated
intolerance or tissue homeo-
stasis. AXL" DC2s appeared to
develop from blood-derived
KLF4*DC2sviaaKLF4*ATF3*
intermediate.

Tissue-infiltrating KLF4* DC2s
alsoappearedtogiverisetoa
CCR7'LAMP3'DC2 subsetin the
sub-lining layer of the synovium

of patients with active RA. This
so-called mReg subset required
expression of microRNA-155 for
its differentiation and was asso-
ciated with both animmuno
genicand aregulatory gene
signature, indicating context-
dependent function. In addition,
the most dominant synovial DC
phenotypesinactive RA were
an ALDOA' DC3 population that
expressed the typelinterferon
receptor and a FABP5" inflam-
matory DC3 (iDC3) subset that
expressed the receptors for the
cytokinesIL-6 and TNF.

All pro-inflammatory DC sub-
sets populated the hyperplastic
lining layer of the synovium of
patients with active RAbut were
found to be downregulated
during remission. However, the
tolerogenic AXLP>* DC2 subset
was not restored in patients with
RAinremission, althoughiits
KLF4?°*DC2 and KLF4P*°ATF3P*
DC2 precursors accounted for
some anti-inflammatory gene
expression.

mReg cells localized within
ectopic germinal centres of the
RA synovium where they inter-
acted mainly with naive T cells.
“Thisindicates that mReg cells are
likely to fuel the generation of
autoreactive T cellsin tissue,”
comments Kurowska-Stolarska.
By contrast, DC3sandiDC3s
were localized in myeloid-rich
niches and were required for
the activation of CCL5" T effec-
tor memory cells and their

differentiationinto CCL5" T
peripheral helper cells. Further
supporting akey role foriDC3s
inthe perpetuation of patho-
genic T cell responses, analyses
of blood DC subsets in patients
with RA inremission associated
RA flares with the upregulation
of activation-associated genes,
such asintegrins, patternrecog-
nitionreceptors and alarmins, in
circulatingiDC3s.

“It now remains to be seen
whether DCsin [the synovium
of] patients remainingin
drug-free remission return
to the status of healthy [syn-
ovium],” notes Thomas, adding
thatit will also be important to
delineate the antigens being
presented by remission-and
flare-associated DCsin RA
synovial tissue. In the meantime,
“therapeutic strategies to block
the pathogenic functions of the
iDC3s and their blood predeces-
sors and reinstating the tolero-
genic functions of the AXL* DC2
cluster might be the necessary
step-change for the resolution
of synovitis and transition from
remission into self-maintained
tolerance,” suggests Stefano
Alivernini, co-corresponding
author of the study.

Maria Papatriantafyllou
Original article: MacDonald,

L. et al. Synovial tissue myeloid
dendritic cell subsets exhibit distinct
tissue-niche localization and function in

health and rheumatoid arthritis. Immunity
57, 2843-2862.€12 (2024)
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Year inreview

Systemic lupus erythematosus in 2024

https://doi.org/10.1038/s41584-024-01192-8

Theemergence of SLE-causing
UNC93Bl1 variants in 2024

George C. Tsokos

R Check for updates

During the past year, four studies have reported
ten mutations in UNC93B1, which encodes the
Toll-like receptor (TLR) chaperone protein
UNC93BI1. All variants increased TLR7 and
TLRS8signalling and caused systemic lupus
erythematosus inyoung individuals, and
highlight the therapeutic potential of targeting
TLR7 and TLRS8 in this disease.

Geneticfactorsare major contributors to the pathogenesis of systemic
lupus erythematosus (SLE). Genome-wide association studies have
revealed numerouslocilinked to anincreased risk of SLE which, in most
cases, are not in gene expression or regulatory sequences. In the past
Syears, whole-genome sequencing studies have identified variants of
several genesinvolved inapoptosis, nucleicacid degradation and sens-
ing, regulation of the interferon pathway, adaptiveimmune tolerance
and metabolism'.In2024, four publications reported ten mutations in
UNC93B1 (whichis found on chromosome 11 (q13.2) and encodes the
Toll-like receptor (TLR) chaperone protein UNC93B1) that cause SLE,
mostly inyoung individuals*® (Table 1).

TLRs were the first pattern-recognition receptors for pathogen-
associated molecular patterns to be recognized and are the most
studied molecules of this class. Among TLR family members, the
single-stranded RNA-sensing TLR7 and TLR8 and the single-stranded
DNA-sensing TLR9 have been shown to contribute to autoimmune
pathology in both mice and humans, and a gain-of-function mutation
in TLR7 is known to cause SLE®. TLRs are synthesized in the endoplas-
micreticulum and subsequently transported to plasmaor endosomal
membranes. TLR7 and TLR9 are transported via an association with
the chaperone protein UNC93B1. UNC93Bl is a 597-amino-acid, 12-fold
transmembrane protein that s vital for the folding, stability and func-
tion of TLRs in addition to their proper localization’. UNC93B1 has
several domains, each with adistinct function.

UNC93B1remains associated with TLRs that have been delivered
to endosomes and has an active regulatory role there. One such role
is the dampening of TLR7 signalling that occurs via the recruitment
ofthe cytosolic protein syntenin-1.Inaddition, the regulated release of
TLR9 from UNC93Bl s necessary for the binding of TLR9 to its ligand
CpG and subsequent signalling. Mutations generated in vitro that
inhibit the release of UNC93B1 from TLR9 result in defective TLR9
signalling. Notably, distinct mutations in UNC93BI have differential
effects on TLR9 signalling and TLR7-TLR8 signalling, which suggests
that similar mutations in humans could contribute to the diversity of
SLE clinical phenotypes®.

Inthefirst of the four reports of new UNC93B1 variants reported in
2024, Wolfetal.>reported two UNC93Bl1 variants in four patients with

early onset SLE — E92G in two siblings and R336L in a father and son.
Both variants caused the production of high amounts of TNF and IL-6
after stimulation with TLR7 and TLR8 agonists but not with TLR9 ago-
nists. A subsequent study by Rael et al.’ reported an UNC93B1 variant
thatlead to tumid lupusin three siblings (two female and one male) and
their father,and another variant that lead tojuvenile idiopathic arthritis
inone female patient. The first mutation, T93l, is located in the intralu-
minalloop that connects the first and second transmembrane pass of
UNC93B1, and the other, R336C, is in the cytosolic loop that connects
the sixth and seventh transmembrane pass of UNC93B1. Both muta-
tions caused increased TLR7 and TLR8 responses without affecting
TLR9responses. Itis unclear whether the location of these mutations
determinestheclinical phenotype or whether these variants contribute
to the effects of other pathogenetic factors. Moreover, Al-Azab et al.*
presented one patient with a T314A mutation and seven patients with
a V117L mutation, all of whom presented with childhood-onset SLE.
Interestingly, several family members carrying the same mutations
were asymptomatic, whereas insertion of the V117L mutation in mice
caused lupus-like pathology. Finally, David et al.’ reported UNC93B1
variants in five families, each with a distinct mutation that caused SLE
or chilblainlupus. SLE associated with these mutations was inherited as
eitheranautosomal dominantor arecessive trait. Two variants (I317M
and G325C) caused gain-of-function of TLR7 and to a lesser extent of
TLR8 and presented clinically as SLE, whereas three variants (L330R,
R466S and R525P) caused increased TLR8 activity and presented as
chilblain lupus. Four out of five of these mutations were heterozy-
gous and led to the development of disease; only one of these genes
required homozygosity for disease to develop. Notably, some of the
heterozygous mutations were inherited from asymptomatic parents.

In almost all presented cases of human UNC93B1 variants, TLR7
activity was enhanced whereas TLR9 responses were unaffected, indi-
cating that the various domains of UNC93B1have diverse functions that

Key advances

e The UNC93B1 variants E92G and R336L have been identified

in four patients with early onset systemic lupus erythematosus

(SLE) and were found to cause disease via TLR7 hyperactivation®
e The UNC93B1 variants T93l and R336C were found in two families;
these variants promote tumid lupus and juvenile idiopathic
arthritis, respectively, via enhanced TLR7 and TLR8 responses®
The UNC93B1 variants T314A and V117L were reported in a cohort
of East Asian individuals with childhood-onset SLE; these variants
promoted disease via exaggerated TLR7 and TLR8 responses*
Five UNC93B1 variants identified in five families caused SLE or
chilblain lupus depending on enhancement of TLR7 or TLR8
signalling®
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Table 1| UNC93B1 variants that cause SLE and inflammatory disease

Study Variant(s) Zygosity Clinical phenotypes Mechanism Expression of variants in mice
Wolf et al.? E92G Homozygous  Early onset SLE in two siblings Pro-inflammatory cytokine production ~ Not performed
(one female, one male), both parents (TNF and IL-6) upon stimulation with
were heterozygous and healthy TLR7 or TLR8 agonist, but not with TLR3
TLRO ist
R336L Heterozygous Early onset SLE in a male and his father or S
Rael et al.’ T93I Heterozygous Cutaneous tumid lupus with early Enhanced TLR7 and TLR8 responses Mice that expressed T93I
childhood-onset in three siblings developed systemic
(two female, one male) and their father autoimmune pathology
R336C Heterozygous Juvenile idiopathic arthritis in one
female
Al-Azabetal.” T314A Heterozygous Childhood-onset SLE in one female Increased expression of Not performed
NF-kB-d dent cytoki d
V7L Heterozygous Childhood-onset SLE in seven females enhl;ncsgfenspeonns%é ?0 I-Pf%a:nd TLRS F:]eteroiy?ous mice expregsing
but not TLR3 and TLR9 stimulation O CRCCERUS V‘,”7L yarlant
developed lupus-like disease
that was more severe in
homozygotes
David etal.® 1317M Homozygous  SLE in one female Gain of TLR7 and TLR8 activity and Not performed
L TLR3 and TLR9 activit
G325C Heterozygous SLE in one female norma an SISy
L330R Heterozygous Chilblain lupus in one male
R466S Heterozygous Chilblain lupus in one female
R525P Heterozygous Chilblain lupus in two males and

two females

determine how this protein interacts with TLRs. Indeed, large-scale
mutagenesis analysis of UNC93BI revealed mutations that could
increase or decrease the response of TLR3, TLR7 and TLR9, albeit very
fewledtoincreased TLR9 responses’. These findings suggest that more
mutations will beidentified as whole-genome sequencing approaches
expand, and that these mutations will probably be associated with
diverse clinical phenotypes. Incomplete activation of the X chromo-
some, where the TLR7 and TLR8 genes reside, could possibly account
for some of the clinical manifestations observed in SLE while additional
genetic variants and epigenetic changes could account for the reported
clinical heterogeneity.

TLRsignalling is complex. Inendosomes, TLRs are cleaved at the
leucine-rich region by cathepsins (the two fragments remain together),
aprocess thatis necessary for the dimerization and subsequent bind-
ing to their ligands. Downstream signalling involves the formation of
supramolecular organizing centres around MYDS88 or TRIF’. In addi-
tion, the availability of single-stranded nucleic acid ligands, which is
controlled by sufficient endonuclease activity', contributes to TLR
signalling. This complexity suggests that each mutation in UNC93B1
should be examined in the context of all molecules involved in TLR
signalling (including endonucleases, TLRs, syntenin-1and molecules
involved in downstream signalling) to explain why some individu-
als were homozygous whereas most were heterozygous and why
heterozygous family members remained unaffected.

Do UNC93BI mutations represent a cause of monogenic SLE or a
strong genetic contributor in the pathogenesis of SLE? Existing evidence
hasyettosettle this question. The V117L variant reported by Al-Azab etal.*
is prevalentin East Asian populations and is present in the patients with
SLE they described; however, this variant was also present in asympto-
matic family members, suggesting that itisnot amonogenic SLE-causing
variant but instead a contributing risk factor (odds ratio 0f17.9)*. In the
study by David etal.’, UNC93B1variants were reported in 5 out of 63 indi-
viduals in their cohort of French patients, documenting the important
genetic contribution of this chaperone molecule to the development
of SLE.

Finally, it should berecalled that UNC93Bl1 deficiencyintwo children
has been linked to herpes virus encephalitis owing to lack of interferon
production’. This finding illustrates a continuous spectrum between
immunodeficiency and autoimmunity™ and nicely shows the opposing
roles ofinterferons in protecting against infections and promoting auto-
immunity. Aswhole-genome sequencing becomesincreasingly available,
we will undoubtedly learn how new UNC93B1 variants affect immunity
in the context of other gene variants in an individual’s genome and how
these variantsinteractand communicate to cause or not cause pathology.

George C. Tsokos ®
Department of Medicine, Beth Israel Deaconess Medical Center,
Harvard Medical School, Boston, MA, USA.

e-mail: gtsokos@bidmc.harvard.edu

Published online: 18 November 2024
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Year inreview

Pain in 2024

https://doi.org/10.1038/s41584-024-01195-5

The quest for targetable pain mechanisms

INn2024

Neil Basu

R Check for updates

Studies published in 2024 suggest that although
the repurposing of established rheumatology
drugs seems to deliver incremental benefits

for pain management, greater benefits could

be gainedinthe future by targeting newly
discovered pain mechanisms.

In2024, pain continues to dominate patient-rheumatologist conversa-
tions regardless of the underlying musculoskeletal diagnosis. This year,
aninteresting example of transferring knowledge between diseases was
reported with the successful analgesic testing of methotrexate (the
anchor drug for classical inflammatory arthritis) in patients with knee
osteoarthritis (OA; classically defined as anon-inflammatory arthritis)".
However, although the attribution of various inflammatory mechanisms
across the spectrum of musculoskeletal disease broadens, rheumatolo-
gists must resist the temptation to assume inflammationis the source of
allburdenintheir patient populations. In the context of pain, intriguing
non-inflammatory mechanisms, both peripherally and centrally based,
were reported this year>?,

There have been few clinical advances in the pharmacological
management of knee OA this century. No disease-modifying OA drugs
have been approved and NSAIDs and paracetamol remain first-line
treatments for pain relief*. The idea that the synovitic component
of OA could contribute to the pain experience and be modified by
DMARDs already widely used in diseases such as rheumatoid arthritis
(RA) isnot new; however, previous randomized controlled trials (RCTs)
have been generally underpowered and underdosed. The PROMOTE
study by Kingsbury et al.' was a double-blinded placebo-controlled
RCT that sought to evaluate the effect of methotrexate in addition to
usual analgesia in people with symptomatic knee OA. The study met
its primary endpoint of average knee pain (numerical rating scale) at
6 months. Those who received methotrexate (n=77) reported agreater
reduction in pain than those who received placebo (n=78); the mean
between-group difference was 0.79 (95% confidence interval (CI)
0.06-1.51)infavour of methotrexate, representing astandardized effect
size (0.34) equivalent to that typically observed in trials of NSAIDs for
OA'. Inthe context of the negative results from previous trials of metho-
trexate trials for OA, this study is notable for its more aggressive target
dose of 25 mg per week and aligns with another positive trial of metho-
trexateinhand OA from 2023, which also adopted a high-dose regimen’.
Ultimately, most rheumatologists would consider the reported size
of the clinical effect to be modest at best; however, the trial reports
some notable insights. Specifically, there was no association between
baseline knee synovitis, as measured by MRI, and pain at 6 months.
By contrast, there was a significant relationship between the base-
line level of high-sensitivity C-reactive protein and pain at 6 months.

These tentative observations could help to inform future treatment
strategies and indicate that the mechanism of the analgesic action of
methotrexate in OA could be mediated by alternative (non-synovial)
pathways, such as the neuroimmune and/or metabolic pain axes.
Characterizing alternative pain pathwaysin the synovium was the
focus of a2024 transcriptome study in RA. Persistence of pain despite
attainment of disease remission represents one of the greatest burdens
in RA care. The long-held assumption that RA pain is entirely related
to the extent of inflammation in the synovium has been challenged
by several observational studies, but the precise mechanisms for
this disconnect are unknown. Bai et al.” extracted bulk RNA from the
synovial tissue of 39 patients with established RA who were undergo-
ingarthroplasty. Patient-reported pain failed to differentiate between
synovial tissue samples, which were categorized histologically
as‘highinflammatory’ or ‘low inflammatory’. No single gene was asso-
ciated with pain after sequencing, and the researchers then devel-
oped an innovative machine learning algorithm (graph-based gene
expression module identification). This algorithm subsequently
identified an 815-gene module that significantly correlated with
paininindividuals classified as having ‘low inflammatory’ synovium.
This correlation was externally replicated in a larger (n = 87) early
RA cohort, although it is important to stress that a significant rela-
tionship, albeit weaker, also existed with the ‘high inflammatory’
category. Next, single-cell RNA sequencing of the RA synovium was
used to interrogate the cellular source(s) of this genetic pain signa-
ture. Interestingly, compared withimmune cells, the pain-associated
genes were highly expressed by fibroblasts, especially CD55" synovial
lining fibroblasts. A point of emphasis is that these classically
non-immune cells do not exclusively account for pain in this key
sub-group of patients classified as ‘low inflammatory’. The authors
do, however, reportaninvitro functional study in which supernatants
from human synovial lining fibroblasts propagated the growth of
injured mouse dorsal root ganglion nociceptors (which were CGRP").
In addition, CD55" fibroblasts and CGRP* axons co-localized with
papillary outgrowthsin‘low inflammatory’ state human RA synovium.

Key advances

¢ In arandomized double-blinded placebo-controlled study, high
doses of methotrexate reduced pain in knee osteoarthritis'

e Gene expression in synovial fibroblasts was linked to pain
in patients with rheumatoid arthritis with limited synovial
inflammation?

¢ In a mouse model, a neural circuit comprising the rostral anterior
cingulate cortex and the pontine nucleus seemed to subserve
placebo analgesia®
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The specificity of this model must now be examined and challenged
with several confounding factors, such as central sensitization,
which contribute to the multi-dimensional experience of pain’.
Overcoming confounding effects from co-existing pain mecha-
nismsisachallenge faced by all painresearchers. As the brainis the final
common pathway for most, if not all, pain mechanisms, neurobiological
models of pain might aid in addressing this challenge while also delin-
eating generic pathways that are of relevance across the clinical spec-
trum of pain. Placebo analgesia is an exemplar generic construct, the
potency of which has undermined the hopes for countless analge-
sics. Understanding the mechanismsinvolved in placebo analgesia to
informthe development of therapeutics hasbeen along-held ambition.
Functional MRIstudies are successfully mapping the neurobiological
network of placebo analgesia at the macroscale®. The precise neural
circuits that characterize placebo analgesia and could subsequently
be the future targets of pharmacological and/or neuromodulatory
approaches still need to be identified. Earlier this year, Chen et al.?
pinpointed populations of neurons within the rostral anterior cingulate
cortex (rACC) and their projection to the pontine nucleus as key media-
tors of placebo analgesia. Their series of elegant mouse experiments
beganwiththe robust development of abehaviour assay that mimicked
human analgesic expectation, using a cage with differentially heated
floors. Calciumimagingin conditioned mice delineated the evocation
of rACC to pontine nucleus neural activity, a communication that
was then validated with complementary electrophysiological and
optogenetic experiments. Thereafter, activation and inhibition of
the rACC-pontine nucleus circuit, via in vivo photomanipulation,
increased and reduced pain thresholds, respectively. The pontine
nucleus, located within the brainstem, is a key relay station to the
cerebellum, but neither the pontine nucleus nor the cerebellum are
usually implicated with pain; however, the authors provided transcrip-
tomic evidence that opioid receptors were prevalent in the pontine
nucleus and also linked the activation of cerebellar Purkinje cells to
the rACC-pontine nucleus circuit. This compilation of high-resolution
technology-based experiments, which are impossible in humans,

represents one of the strongest attempts to describe the biology of
placebo analgesia. It is not feasible to comprehensively model the
human experience on studies carried out in mice and it is also highly
unlikely that the reported rACC-pontine nucleus circuit represents the
only mechanism of placebo analgesia. However, the decision by
the authors to inform their mouse experiments with learnings from
clinical research (for example, the selection of rACC as the initial region
of interest based on human functional MRI studies) offers hope for
future forward translation”.

Although the described advances in knowledge will not take the
topic of pain off the rheumatology clinic agenda, it is encouraging that
leadingtechnologies are beingintelligently applied and are beginning
to identify therapeutic targets for the long term, while clinical trial-
ists continue to test the possibilities of drug repurposing to discover
solutionsin the shorter term.
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Year inreview

Degenerative disc disease in 2024

https://doi.org/10.1038/s41584-024-01207-4

Insightsinto IVDD pathogenesis in 2024

Daisuke Sakai

% Check for updates

Emerging researchinintervertebral disc
degenerationin 2024 highlights microbial,
immune and inflammatory mechanisms that
drive chroniclow back pain. These insights pave
the way for potential transformative therapies
thataddress the root causes of intervertebral
disc degeneration and could improve patient
outcomes.

Intervertebral disc degeneration (IVDD) continues to be a substan-
tial contributor to chronic low back pain, affecting millions of people
globally and placing an enormous burden on healthcare systems and
economies'’. Traditional treatments for IVDD typically focus on pain
management but fail to address the root causes of the degeneration.
In 2024, new research has provided transformative insights into the
pathogenesis of IVDD, emphasizing the role of microbial pathophysiol-
ogy, immune-mediated inflammation and changes to specific degen-
erative nucleus pulposus cell populations and identifying potential
strategies for innovative treatments’ ">,

Building on previous findings, one of the most compelling obser-
vations in 2024 further challenges the long-standing notion that the
intervertebral disc is a sterile environment®. Emerging evidence now
suggests that microbial dysbiosis might be implicated in type | Modic
changes, acommon IVDD feature that is linked to inflammation and
pain. Mengis et al.>identified adistinct microbial profile within degener-
ativeintervertebral discs that was associated withModictypel changes,
including an abundance of Gram-negative bacteria and the consistent
presence of the Gram-positive bacterium Cutibacterium acnes. These
microbial communities seem to drive inflammatory changes within
the disc, potentially triggering or exacerbating immune responses
that contribute to IVDD.

Despite these findings, previous microbiome studies have often
produced inconsistent results®*” and have created uncertainty around
the role of microorganisms in the pathogenesis of IVDD. The 2024
study by Mengis et al.?, which utilized sophisticated techniques to
identify bacterial genera, underlines the need for standardized sam-
pling and analysis techniques to ensure reliable, reproducible data.
Future research that further validates microbial involvement could
redefine VDD management by supporting the development of adjunct
therapies, such as targeted antibiotics or anti-inflammatory treat-
ments, for patients with Modic changes. This new perspective could
pave the way for targeted interventions that address specific bacte-
rial profiles and transform both the diagnosis and the treatment of
microorganism-driven IVDD-associated low back pain.

Although microbial dysbiosis presents a potential target for thera-
peutic intervention, advances in immune-mediated inflammation
research provide another promising path for IVDD therapy. Another
pivotal 2024 study by Burt et al.* demonstrated the role of prolonged
activation of the NF-kB pathway in the exacerbation of IVDD in which

pro-inflammatory immune cells, particularly macrophages, are
recruitedinto thedisc. This chronicactivationinduces aninflammatory
environment in which pro-inflammatory ‘M1-type’ macrophages
release a myriad of cytokines, such as TNF and IL-1B, thereby accel-
erating the breakdown of extracellular matrix and cellular damage®.
By contrast, the reparative functions of inflammation-resolving
‘M2-type’ macrophages, which alsoreside in the disc, are compromised
by persistent, overwhelming pro-inflammatory signals.

“advancesin
immune-mediated
inflammation research
provide another promising
path for IVDD therapy”

Burt et al.* further emphasize the crucial role of macrophages in
disease progression and highlight these cells as potential therapeu-
tic targets. Targeting immune pathways to promote the transition
from pro-inflammatory ‘M1-type’ macrophages to anti-inflammatory
‘M2-type’ macrophages, or by directly inhibiting NF-kB, represents
promising therapeutic strategiesto reduce or slow IVDD progression.
Thisapproach suggests a paradigm shift from symptomatic pain man-
agement to immunomodulatory therapies aimed at the underlying
inflammatory processes. Given the intricate balance betweenimmune
activation andresolution, further research into the timing and type of
immune modulation could optimize outcomes for patients at different
stages of IVDD.

Another important study in 2024 by Chen et al.” highlighted the
crucial role of serglycin (SRGN), a proteoglycan linked to inflamma-
tion and tissue degradation, in the maintenance of nucleus pulposus
cellintegrity and further emphasized the role of macrophage recruit-
ment in IVDD progression. Advances in single-cell RNA sequencing
enabled the authors to identify a specific subpopulation of late-stage
nucleus pulposus cells with high SRGN expression. Chen et al.’ found

Key advances

¢ Microbial dysbiosis, including the presence of Cutibacterium
acnes, is linked to Modic type 1 changes, which suggests that
microorganisms have an important role in intervertebral disc
degeneration (IVDD)®.

e Chronic NF-kB expression is linked to the recruitment of pro-
inflammatory macrophages, which promote inflammation and
extracellular matrix breakdown in IVDD*.

e Specific end-stage IVDD nucleus pulposus cell populations
have high expression of serglycin, which drives macrophage
recruitment and inflammation. Serglycin inhibition strongly
reduced disc degeneration by limiting macrophage recruitment®.
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thatincreased SRGN levels in these cells promoted the release of pro-
inflammatory cytokines, whichwas in turn responsible for macrophage
recruitment and disc degeneration.

Targeting SRGN with the known SRGN inhibitor daphnetin was
effective and resulted inasignificant reduction ininflammatory mark-
ersand macrophage influxin mouse models of IVDD. By downregulat-
ing SRGN, daphnetin effectively mitigated inflammation and slowed
disc degeneration; the findings thus highlight SRGN as a promising
therapeutic target and biomarker for late-stage IVDD. This discovery
paves the way for the development of SRGN inhibitors as targeted
therapies with the aim of preserving nucleus pulposus cell function and
reducinginflammation-induced damage within the disc, anapproach
that has the potential as anew IVDD therapeutic.

“Collectively, these 2024
findings offer a broader
understanding of IVDD"”

Collectively, these 2024 findings offer abroader understanding of
IVDD and underscore its complex, multifactorial nature, with microbial,
immune and inflammatory mechanisms driving degeneration. Address-
ingmicrobialimbalances, modulatingimmuneresponses and preserving
nucleus pulposus cell function could heraldanewerainIVDD treatment,
marking a shift from pain management to targeted, disease-modifying
interventions. These advances suggest afutureinwhich IVDD therapies
are tailored to underlying immune-related and inflammation-related
pathophysiological processes, offering hope for amore comprehensive

and effective approach to the management of chronic low back pain,and
ultimately, improved quality of life for patients.
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Personalized medicine

https://doi.org/10.1038/s41584-024-01208-3

Molecular profiling for advancing
precision rheumatology

Coziana Ciurtin & Elizabeth C. Jury

R Check for updates

Here, we highlight three publications in 2024
that have advanced the field of molecular and
immunological profiling, for the diagnosis,
prognosis and treatment of patients with
systemic autoimmune rheumatic diseases.

Recent flow cytometry-based immune-phenotyping studies have sub-
stantiated the concept that autoimmune rheumatic diseases (ARDs)
canbe grouped according to theirimmune profile, regardless of disease
classification?. One study identified 5across-disease clustersinacohort
of >400 patients with 15 different autoimmune or autoinflammatory
diseases', whereas the analysis of 1,088 patients representing 11 ARDs
identified multiple across-disease groups with distinctimmune and clinical
phenotypes’. However, the development of robust biomarkers for per-
sonalized approachesis still lacking andis complicated by the complexity
of high-dimensional datasets and differences in cell-specific molecular
profiles. This also requires validation both within and across established
disease phenotypes, while accounting for age, sex and race or ethnicity’.

Here we highlight three publications in 2024 that have combined
in-depth analysis of molecular orimmune profiles with novel computa-
tional analysis techniques to stratify patients across traditional disease
boundaries and provide an opportunity to discover biomarkers for
improved prediction, diagnosis and prognosis of complex diseases.
The use of large-scale biobanks such as the UK Biobank, which currently
features data from 500,000 individuals, enables such research by
making available omic data (including proteomics, metabolomics,
genetic sequencing and imaging) with continuously updated electronic
health records and standard blood test results®.

Gargetal.’ highlight the power of the UK Biobank to drive predic-
tive analysis using a powerful machine-learning platform (MILTON)
that enabled case-control studies across five ancestries. This model
identified disease-specific omic signatures from already diagnosed
patients (usinginternational classification of disease 10 (ICD10) codes)
and predicted potential ‘new’ cases within the control cohort with rela-
tively high predictive power for many disease phenotypes (area under
the curve (AUC) > 0.7 for1,596 ICD10 disease codes). This approach was
able to predict new disease before onset and outperform some known
polygenic risk scores. The authors also performed a phenome-wide
association using matched plasma proteomics data, which further
improved prediction for some diseases (AAUC > 0.1 for 52 diseases).
These results were validated using the FinnGen biobank (Fig. 1a). Not
alldisease phenotypes could be predicted using this model; this could
be duetolimitationsin the ICD10 coding system or the need for more
biomarker datasets. However, this approach might inform data col-
lection in future biobanks, provide mechanistic insight into many
disease pathologies and have implications for future strategies for
prevention and early detection of disease. Usefully, the open access

MILTON platform enables researchers to explore information about
ARDs using ICD10 codes.

Bianchi et al. investigated common molecular mechanisms in
patients with systemic lupus erythematosus (SLE), primary Sjogren
syndrome and myositis. These conditions are characterized by overlap-
ping clinical and serological features, with diagnostic and therapeutic
implications, as well as high comorbid associations pertaining to indi-
viduals and families affected by more than one autoimmune condi-
tion, all suggestive of shared risk factors. The major histocompatibility
complex (MHC) genes have been identified by genome-wide associa-
tionstudies (GWAS), targeted genotyping studies and meta-analyses as
the strongest single genetic cause of many systemic ARDs’. However, a
converse approach, focused oninvestigating theimpact of the full spec-
trum of genetic variation, including genes with lower allele frequency,
isrequired tocomprehensively evaluate genetic heritability. Thisstrategy
isimportantto counterbalance the limitations of GWAS analysesleading
to the identification of common gene variants broadly spread across
the genome with limited pathogenic or therapeutic implications, as
advocated by the ‘omnigenic model”. Bianchi et al.® implemented this
model using next-generation targeted DNA sequencing of regulatory
and coding regions in a large cross-sectional cohort study including
2,292 individuals with SLE, primary Sjogren syndrome or myositis, as
well as 1,252 matched healthy individuals recruited from Scandinavian
countries, aiming to identify genetic profiles of individuals with shared
clinical and laboratory features, with implications for personalized
medicine strategies (Fig. 1b).

Thesingle variant analysis confirmed MHC, theinterferon pathway
andreactive oxygen species metabolism as the key genetic contributors
to systemic ARDs. The gene-based aggregate testing confirmed both
MHC (C2, HLA-C, MSH5 and TNXB) and non-MHC (/RF5 and YD/C) associa-
tions, and reported associations with new genetic variants of MAP3K6,
SLC5A6 and CGREF1, which are all related to type | interferon pathway
activation. Inaddition to facilitating the discovery of genetic variants,
this study identified common genetic associations of individuals with
shared serological features across disease phenotypes. Rheumatoid
factor, SSA-R052, SSA-R060 or SSB-La autoantibody positivity was
strongly associated withMHCregion variants, whereas double-stranded

Key advances

o Use of multiomic data from population-wide biobanks has the
potential to accelerate the drive towards personalized medicine
approaches for autoimmune rheumatic diseases (ARDs)".

e Systemic ARDs have distinct full-spectrum genetic associations
identifying shared serological and clinical phenotypes®.

e Blood-based biomarkers can predict drug response across
immune-mediated diseases®.
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Fig.1| Approaches for molecular and immunological profiling in autoimmune
rheumatic diseases. a, Using the longitudinal health record and omic data from
participantsin the UK Biobank and a new ensemble machine-learning framework
(MILTON), arange of biomarkers to predict 3,213 diseases was developed.

b, Targeted DNA sequencing of coding and regulatory regions in a large well-
characterized cohort of patients with systemic lupus erythematosus (SLE),
primary Sjogren syndrome or myositis as well as healthy individuals, combined
with knowledge of autoantibody profiles and clinical features, identified

!

Biomarkers of response across
disease

subgroups with unique genetic profiles. ¢, Longitudinal high-dimensional whole-
blood data from patients with inflammatory bowel disease (IBD) undergoing
treatment with infliximab combined with acomputational approach to examine
individual response to therapy (disruption networks) was able to identify cell-
centred individual-level molecular networks, predictive of treatment response.
This molecular pattern of response was validated in publicly available data from
patients with rheumatoid arthritis (RA). ICD10, international classification of
disease 10; WGS, whole-genome sequencing.

DNA-specific autoantibody positivity was significantly associated with
non-MHC genes, suggesting a role for environmental triggers on sus-
ceptible geneticbackgrounds. Antinuclear antibody positivity had weak
associations withboth MHC and non-MHC genes, supporting previous
observations related to the molecular heterogeneity of antinuclear
antibody-positive individuals. Furthermore, certain clinical features
were linked with specific genetic profiles; arthritis was associated with
genetic variants of protein kinase CC and skin involvement was associ-
ated with dual specificity phosphatase, a finding confirmed at the
functionallevel and externally validated in eczema and psoriasis studies.
Finally, Gerassy-Vainberg et al.” used across-disease analysis look-
ing for biomarkers of response to treatment. Immune features were
profiled over time and in association with treatment responses to the
TNF inhibitor infliximab in patients with inflammatory bowel disease
(IBD). High-dimensional data from patients with IBD responding or not
responding toinfliximab were assessed at baseline, week 2 and week 14
post treatment. Variation in individual patient response to drug over
time was evaluated using a‘disruption network’ model, whichindicated
changesinimmune and molecular regulation. By assessing the effect of
every non-responding patient to a pre-defined reference response net-
work, thelevel of deviance from treatment response was calculated. This
enabled disruptionsin cell-specific functional modules and networks to
beidentified that would otherwise not be detected using conventional
analyses (Fig. 1c). Using this approach, cytoskeleton organization and
VEGF receptor signalling pathways in monocytes were most regulated
inresponse to treatment at week 2. Furthermore, baseline monocytic
expression of genes of the RAC1-PAK1 axis was predictive of infliximab
responsein patients with IBD and was validated in publicly available data-
sets from patients with rheumatoid arthritis. This approach supports
earlier findings assessing secondary non-response to TNF inhibitors
in a study using complex computational analysis of non-response due
to development of anti-drug antibodies across disease phenotypes'™.
In conclusion, the three highlighted studies provide evidence
for the increased relevance of molecular diagnosis and its potential
role in guiding patient diagnosis, stratification and targeted thera-
peutic approaches across established disease classification criteriain

rheumatology. However, several challenges remain, including valida-
tion of identified signatures in large cohorts, integrating molecular
omicsignatures to provide aglobal picture of underlying pathogenesis
indisease subsets, and establishing robust and cost-effective tests for
identified biomarkers that can be translated for routine use. Animpor-
tantgoalis toimprove the effectiveness of clinical trialsin rheumatology
by the inclusion of patients based on their molecular signatures.
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Osteoarthritis in 2024

https://doi.org/10.1038/s41584-024-01214-5

Advances inthe calculation of minimal
important change estimates for
patient-reported outcome measures

Ewa M. Roos

" Check for updates

In 2024, studies using more advanced methods
to calculate the minimal important change have
described how different methods and timings
of estimating minimal important changes can
affect the estimates.

Patient-reported outcome measures (PROMs) are questionnaires that
areused to evaluate pain, function and quality of life in patients treated
for and living with osteoarthritis (OA). Common condition-specific
PROMs used in knee OA include the Western Ontario and McMaster
Universities Osteoarthritis Index (WOMAC), the Knee Injury and Osteo-
arthritis Outcome Score (KOOS), and the Oxford Knee Score (OKS).
PROMs must show good reliability, validity and responsiveness, but
the use of robust PROM score estimates for the clinical interpretation
of study resultsis less well understood.

PROM score interpretation thresholds are used to evaluate the
clinical meaningfulness of study results and can be useful when com-
paringand deciding on treatments in clinical practice. Otherimportant
aspectstobe consideredintreatment decisions include cost, risks and
accessibility. PROM interpretation thresholds usually consider longi-
tudinal change scores (calculated by subtracting ‘before treatment’
scores from ‘after treatment’scores). Asachange in PROM score does
not have a clear meaning, estimates of minimal important change (MIC)
(which is the smallest within-individual change in score that patients
on average perceive as important) are used to interpret the clinical
meaningfulness of changes in PROM scores. More than 80 variations
ofthe MIC concept are available, withmany combinations of methods,
definitions, terms and abbreviations used.

A PROM result can be presented as one total or several subscale
scores. Often, scores are normalized and range from 0 to 100; however, as
anexample,the WOMAC subscale functionis presented asascore from
0 to 68. Confusingly, a higher score can represent a worse outcome
(typical for PROMS developed in rheumatology) or a better outcome
(typical for PROMS developed in orthopaedics). Published interpreta-
tion estimates for any given PROM vary greatly’, with suggested reasons
largely related to study heterogeneity, including the use of a range of
methodologies to calculate estimates. As patient and study characteris-
tics caninfluence PROM scores, users are recommended to apply an esti-
mate from astudy of a population and a similar treatment to their own
study, but less attention has been paid to the importance of the different
methodologies applied to calculate the interpretation thresholds.

In 2024, methodological advances were made that could help to
guide users to choose more appropriate and robust MIC estimates
to interpret OA study results, and help in presenting treatment alter-
natives to patients with OA. Terluin et al.? introduced longitudinal

confirmatory factor analysis as amethod to estimate MIC thresholds
and compared different methods of calculating MIC estimates toiden-
tify which methods provide the least biased and most precise MIC
estimates®. A study by Harris etal.* identified theimpact of time elapsed
fromtotal joint replacement on MIC estimates using a contemporary
and more advanced calculation method.

Astrength of longitudinal item response theory’ and longitudinal
confirmatory factor analysis’is that PROM data used for MIC calculation
does not have to be normally distributed (treatments that show great
improvement such asjoint replacement are not normally distributed).
Advantages of longitudinal confirmatory factor analysis over longitu-
dinal item response theory include that it is less computationally
intense, takes a fraction of the time to run, and is more familiar to
researchers® Terluin et al.>found that results from the longitudinal con-
firmatory factor analysis method and the longitudinal item response
theory method were comparable, but that longitudinal confirmatory
factor analyses were more than 50 times quicker”.

Aninherent weakness of all longitudinal anchor-based methods
is that responding to a global rate of change (or transition) item after
treatment, with response options such as ‘much worse’, ‘worse’, ‘no
change’, ‘alittle better’and ‘muchbetter’, requires patients to remem-
ber and recall what their status was before treatment. Memory is well
known to be susceptible to bias®. Typically, the result is that change
ratings are more influenced by the patient’s post-treatment state than
by their baseline state. This common phenomenonis known as ‘present
state bias’ and methods have been developed to estimate the degree
of present state bias in real data’.

Key advances

e Longitudinal item response theory (LIRT) and longitudinal
confirmatory factor analysis (LCFA) are recently introduced
methods to estimate minimal important change (MIC) estimates®.
Adjusted predictive modelling (APM), longitudinal item response
theory (LIRT) and longitudinal confirmatory factor analysis
(LCFA) provide more precise and bias-free minimal important
change (MIC) estimates than older methods (mean change and
receiver operating characteristic (ROC) methods)®.

MIC estimates change with time to follow-up after surgery.
Patients who undergo hip or knee replacements appreciate any
improvement early after surgery, but between 3 months and

12 months they raise their expectations for what they perceive

as a minimal important improvement; after 12 months, patients
do not anticipate further improvement®.
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Box 1| Anchor-based methods for
establishing minimal important change
estimates compared by Terluin et al.®

Mean change method (1989)
Uses the mean change score of the minimally importantly changed
subgroup as the minimal important change (MIC).

Receiver operating characteristic (ROC) method (1986)
Aims to classify improved and not-improved patients with the least
misclassification.

Predictive modelling (2015)°

Based on logistic regression using the dichotomized anchor-based
transitioning ratings as the outcome and the PROM change score
as the determinant. The change score of interest is the one with a
likelihood ratio of 1 (that is, the change score that is equally likely
to occur in the improved and the not-improved groups). Predictive
modelling identifies approximately the same MIC threshold as the
ROC method but is more precise.

Adjusted predictive modelling (APM; 2017 and improved

in 2022)"2

Adjusts for proportion improved other than 50% (as is commonly the
case in individuals with OA) and the reliability of the transition anchor.

Longitudinal item response theory (LIRT; 2023)°

The LIRT-based MIC is based on a LIRT model of the PROM items,
with the dichotomized transition item serving as an indicator of both
time factors.

Longitudinal confirmatory factor analysis (LCFA; 2024)>
The LCFA-based MIC is based on a LCFA model for ordinal indicators
with the PROM items before and after treatment loading on the
latent factors before and after treatment, respectively.

In their 2024 simulation study, Terluin et al.’ tested the ability of
different anchor-based methodologies (Box 1) for establishing true
(bias-free) MIC estimates and the precision of the estimates. They
found that when the mean change method, describedin1989, was used,
the presence of present state bias on average slightly overestimated the
true MIC, with the precision of the estimate decreasing with increasing
present state bias. When they used the receiver operating character-
istic (ROC) method, developed in 1986, the presence of present state
bias slightly underestimated the true MIC, with imprecise estimates
across all degrees of present state bias. The more recent and complex
approaches yielded better results. Predictive modelling® (developed
in 2015) estimated the true MIC but with considerable imprecision;
adjusted predictive modelling (developed in2017 (ref. 7) and improved
in2022 (ref. 8)) estimated the true MIC with much better precision. Lon-
gitudinalitem response theory’® (developed in2023) and longitudinal
confirmatory factor analysis’ (described in 2024) also provided good
results. On the basis of the findings, Terluin et al.’ recommended that
the older mean change and ROC methods are not used for establishing
thresholds for interpreting changes in PROM scores.

In their 2024 study, Harris et al.* wanted to better understand
whether duration after surgery is an important consideration when
interpreting the outcomes fromjoint replacement. They used adjusted
predictive modelling to study whether the time from total knee or hip
replacementinfluenced the MIC estimate. Adjusted predictive model-
ling adjusts for the reliability of the global transition item and for the
proportion of improved patients being other than 50%, as is the case

injoint replacement studies, in which much more than 50% of patients
reportatleast someimprovement. They found that the MIC thresholds
for the Oxford Hip Scores and Oxford Knee Scores were very low at
3 months after surgery and that these thresholds increased from 3 to
12monthsbut notfrom1to2years*. These findings suggest that patients
appreciate any improvement early after surgery but that over time they
raise their expectations for what they perceive as a minimal impor-
tant improvement; after 12 months, patients do not expect further
improvement. Similar to previous studies, Harris et al.* also found that
patients who had more severe symptoms before surgery needed, on
average, a greater change (versus those with less severe symptoms)
to feel that their change was important. Findings suggesting that MIC
estimates should be personalized introduce adilemmafor users assuch
customization would be complex and impractical.

When evaluating changes in PROM scores, we must consider
whatis more important to patients: ‘feeling better’ (that is, the PROM
score has improved with treatment) or ‘feeling good’ (that is, the
post-treatment PROM score is acceptable)’. Post-treatment thresh-
oldshave beenintroduced ascomplementary thresholds that enhance
the interpretation of clinically meaningful treatment effects. Such
thresholds circumvent the need for patients to recall their pretreat-
mentstate. One of these post-treatment thresholds, the Patient Accept-
able Symptom State (PASS), is the threshold above which patients will
consider themselves well and satisfied with treatment. Improvement
and absolute post-treatmentinterpretation thresholds canyield very
different results. For example, at 2 years after treatment of a severe
knee ligamentinjury, 9 out of 10 patients at high risk of OA felt better,
whereas only 5 out of 10 felt that their current state was acceptable
to them'. Considering both whether a patient is feeling better and
whether they are feeling good canimprove the interpretation of clinical
study results and inform the conversation between patients and health
care practitioners about treatment options for joint problems. Combin-
ing MIC estimates with post-treatment thresholds such as PASS might
enhanceclinical interpretation and improve shared decision making.

Ewa M. Roos ®
Center for Muscle and Joint Health, Department of Sports Science
and Clinical Biomechanics, University of Southern Denmark, Odense,
Denmark.
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HLA-B27 and spondyloarthritis:

at the crossroads of innate
and adaptive immunity

Fatemeh Navid', Liye Chen?, Paul Bowness”? & Robert A. Colbert®"'

Abstract

Sections

HLA-B*27 confers a strong risk of developing spondyloarthritis (SpA),
whichincludes axial SpA with or without peripheral arthritis, enthesitis,
acute anterior uveitis and gastrointestinal inflammation. Although no
definitive mechanism has been established to explain the role of this
HLA class I proteinin the pathogenesis of SpA, three main hypotheses
have emerged. Firstis the idea that self-peptides displayed by HLA-B27
resemble microorganism-derived peptides, leading to the expansion
of autoreactive CD8" T cells that trigger disease. The second and third
hypotheses focus on aberrant properties of HLA-B27, including its
tendency to form cell-surface dimers that can activate innate killer
immunoglobulin-like receptors on CD4" T helper 17 cells, triggering
the production of pathogenic cytokines. HLA-B27 also misfolds in the
endoplasmic reticulum, which can activate the unfolded protein
response, increasing IL-23 expression and thereby promoting the
production of type 17 cytokines. HLA-B27 misfolding in mesenchymal
stem cells has also been linked to enhanced bone formation by
mesenchymal stem cell-derived osteoblasts, which could contribute to
structural damage in axial SpA. In this Review we summarize prevailing
ideas about therole of HLA-B27 in SpA, discuss the latest developments
aswellasthe gapsin current knowledge, and provide recommendations
for future research to address these unmet needs.
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Key points

o The role of HLA-B27 in the pathogenesis of spondyloarthritis is
incompletely understood.

e Evidence implicates canonical HLA-B27-bound peptides as a target
for CD8' T cells and aberrant forms of HLA-B27 that engage killer
immunoglobulin-like receptors on T helper 17 cells in disease.

o HLA-B27 misfolding and XBP1 splicing are implicated in the
promotion of mineralization by mesenchymal stromal cell-derived
osteoblasts.

o ERAP1 loss-of-function, which reduces the risk of arthritis in
HLA-B*27-positive individuals and animal models, alters the repertoire
of peptides presented by HLA-B27 and reduces misfolding and
endoplasmic reticulum stress.

o HLA-B27 might also affect TGF3 and BMP signalling by inhibiting the
function of ALK2.

e Canonical and non-canonical effects of HLA-B27 suggest that it
might have more than one role in disease predisposition and place
it at the crossroads of innate and adaptive immunity.

Introduction

Ankylosing spondylitis (AS) is the prototypic form of a family of dis-
eases associated with HLA-B*27 and referred to as spondyloarthritis
(SpA).Inadditionto AS, SpAincludes reactive arthritis, inflammatory
bowel disease-associated arthritis, juvenile idiopathic arthritis (spe-
cifically a subset known as enthesitis-related arthritis) and psoriatic
arthritis. A classification systemintroduced in2009 defined axial SpA
(axSpA)’, encompassing radiographic axSpA (also known as AS) and
non-radiographic axSpA; radiographic axSpA is increasingly used to
describe AS, but it can include earlier stages of disease’. The strong
association between HLA-B*27 and AS has been recognized since the
mid-1970s*. HLA-B*27 is present in 85-90% of patients with AS, and
whentwo copies are present (homozygosity) therisk of developing AS
isincreased®. Heritability of AS has been estimated to be >90%; how-
ever, susceptibility genesidentified to date account for only about 24%
of heritability of AS, with HLA-B*27accounting forapproximately 80% of
theknown heritability’. Nevertheless, HLA-B*27is not sufficient to cause
disease and only approximately 5% of individuals carrying this allele
develop SpA; however, because the vast majority of individuals with
AS carry HLA-B*27, and overexpression of this allele (which encodes
the HLA-B27 protein) in rodents can cause an inflammatory disease
resembling SpA®, HLA-B27 is at the centre of many studies aimed at elu-
cidating disease pathogenesis. The arthritogenic peptide hypothesis’
wasstalled by alack of progressinidentifying CD8" autoreactive T cells
and the self-peptides they target, and then by the recognition that
CD8' T cells do not mediate disease in rodent models'". In addition,
the discovery of aberrant features of the HLA-B27 heavy chain, includ-
ing cell-surface dimerization' and its tendency to misfold during
assembly in the endoplasmic reticulum (ER)", suggested plausible
alternatives to arthritogenic peptides. To date, the relative contri-
bution of these mechanisms to SpA pathogenesis remains unclear,
but has contributed to a robust discussion as to whether axSpA is an

autoimmune or autoinflammatory disease'. In this Review we pro-
vide abrief historical perspective onthe emergence of the three main
hypotheses that explain the role of HLA-B27 in SpA pathogenesis and
then focus on new developments that have rekindled interest in the
searchfor arthritogenic self-peptides and implicated HLA-B27 in aber-
rant bone formation. The clinical features and epidemiology of SpA,
and susceptibility genes other than HLA-B*27 are not the focus of this
Review and have been reviewed elsewhere’.

The emergence of three main hypotheses about
the role of HLA-B27 in spondyloarthritis

Since1990 threelines of evidence have emerged, suggesting different
roles for HLA-B27in disease. Tounderstand the development of these
concepts we provide abriefhistorical perspective (Fig.1). By the1980s
the key role of HLA class I molecules in the cytotoxic T cell response
was well established; however, the field was revolutionized by the dis-
covery that classImolecules present small protein fragments (known
as peptides) coming from inside the cell following viral infection®.
High-resolution crystal structures of class  molecules revealed their
antigen-binding site as a peptide-binding groove with self-peptides
presented in the absence of viral infection'®". These findings led to
the arthritogenic peptide hypothesis, which broadly suggests that
HLA-B*27-associated disease results from “a [CD8"] T-cell-mediated
anti-self-reaction directed at an as yet unknown peptide-HLA-B27
combination” (Fig. 2). If the presentation of a microbially derived
peptide triggered subsequent recognition of a self-peptide (or pep-
tides), the CD8' T cells would be autoreactive and cross-reactivity would
constitute a true form of molecular mimicry.

Forced expression of HLA-B27 and human f3,-microglobulin (h3,m)
in mice (HLA-B*27 transgenic mouse model) was reported in1987 and
demonstrated thatrodent T cells could recognize HLA class I proteins'®.
However, these mice did not develop inflammatory disease. Adopting a
similarapproachinratsledtothediscoveryin1990 that overexpression
of HLA-B27 and h3,m (but not HLA-B7 and h3,m) can cause gut inflam-
mation and arthritis, two key features of SpA®”°. Thus, in the early 1990s,
armed with anovel hypothesis and an animal model, the field seemed
poised to solve a nearly 20-year-old puzzle and define arthritogenic
peptides presented by HLA-B27 that could trigger disease.

In 1993 a study of individuals with reactive arthritis (a transient
form of SpA triggered by gastrointestinal and genitourinary infection)
or ASdemonstrated that patient-derived CD8" T cells could recognize
target cells infected with triggering organisms. Importantly, some of
these CD8'T cells also recognized uninfected cells, providing indirect
evidence in support of arthritogenic peptide hypothesis*’; however,
little additional evidence of autoreactive T cells in AS or other forms
of SpA accrued over the next several years.

By 1999 it was apparent that HLA-B27 exhibited aberrant
properties'. Dimerized forms of HLA-B27 were found on the cell
surface'?, and newly synthesized HLA-B27 heavy chains were reported
to misfold in the ER prior to the assembly of heavy chain-peptide-
B,m complexes”. Previous studies had shown that HLA-B27 has avery
strong preference for peptides containing arginine at position 2 from
the N terminus™ > owing to the combination of residues lining the B
pocket of HLA-B27, including a negatively charged glutamic acid at
position45thatinteracts withthe positively charged peptide position 2
arginine (Fig. 3). An unpaired cysteine is also found at position 67 of
the HLA-B27 heavy chain®. Studies of misfolding and dimerization
of HLA-B27 demonstrated that the B pocket, including this reactive
cysteineresidue,isresponsible for the aberrant properties of HLA-B27
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(refs.12,13,24). Thus, the same structural features that link HLA-B27 to
the binding of potentially arthritogenic peptides are responsible for
itsaberrant properties.

The existence of cell-surface HLA-B27 heavy chain dimers and
the tendency of the heavy chain to misfold led to the investigation of
other possible mechanisms, beyond arthritogenic peptides, whereby
HLA-B27 might contribute to disease. In parallel, studies carried outin
HLA-B*27transgenicratsthatemergedin thelate1990s and early 2000s
implicated CD4" T cellsrather than CD8* T cellsin disease causation'®?,
and promoted the search for these alternative mechanisms. This impli-
cation of CD4" T cells in SpA pathogenesis was further supported by
reports of arthritis in HLA-B*27 transgenic mice lacking endogenous
,m, as the absence of 3,m abrogates the expression of HLA class |
moleculesonthe cell surface and virtually eliminates the development
of CD8' T cells™.

Increased expression of homodimers and even misfolded mul-
timers of HLA-B27 was reported in cell lines with defects in antigen
processing and presentation apparatus. Aberrant cell-surface com-
plexes seemed to form primarily via endosomal recycling of cell sur-
face HLA-B27 (ref. 27) with misfolded HLA-B27 heavy chains in the ER
prevented from accessing the cell surface (probably because of the
cellular ‘quality control’ mechanisms)"*** (Fig. 4). Evidence of increased
expression of non-conventional forms of HLA-B27 on peripheral blood
myeloid cells, in the joints, and in the gut has been reported in HLA-
B27-positive individuals with AS**?°. It was subsequently shown that
recombinant HLA-B27 homodimers were able to bind to a number of
innateimmunereceptorsincludingkillerimmunoglobulin-like recep-
tor (KIR) 3DL2 (KIR3DL2) and leukocyteimmunoglobulin-like receptor
(LILR) B2 (LILRB2) expressed on natural killer (NK) cells, on subsets of
CD4"and CDS8' T cells and on B cells***' (Fig. 4). KIRs such as KIR3DL2
primarily deliver negative signals, but cell co-culture experiments
showed that the interaction between KIR3DL2 and aberrant HLA-B27
seemed to deliver an anti-apoptotic signal resulting in the expansion
of KIR3DL2-positive CD4" T cells, which were also skewed towards
enhanced production of the pro-inflammatory cytokine IL-17 (ref. 32).
Together, these findings suggest that HLA-B27 could trigger or promote
disease viainnateimmunereceptor recognition of aberrant cell-surface
forms of HLA-B27 (Fig. 4).

It is also important to consider that other non-HLA-B*27
classlalleles have been shown to contribute risk (albeit toamuch lesser
extent than HLA-B*27) for the development of AS***, and there is evi-
dence for an epistatic interaction between HLA-B*27 and HLA-B*60
whereby the presence of both substantially increases the risk of
disease®. Although no unifying mechanism has been established,
one possibility is that heavy chains encoded by other risk alleles can
also form aberrant cell-surface multimers, the capacity for which is
dependent to a large extent on the amino acid residue in position 97
(ref. 36). This potential mechanism is supported by data from studies
using transfected cell lines but remains to be tested in cells naturally
expressing germline-encoded alleles®®. These intriguing findings
require further verification but offer a potential link between several
HLA-Balleles and pathogenic IL-17 production.

The propensity of HLA-B27 to misfold led to the discovery that
exposure of myeloid cells from HLA-B*27 transgenic rats to cytokines
that upregulate MHC class I and MHC class Il protein expression led
to the accumulation of HLA-B27 dimersin the ER and activation of the
unfolded protein response (UPR)*** (Fig. 5). Although HLA-B27 dimers
in the ER can be degraded by quality control mechanisms such as
FR-associated degradation® and autophagy®, inefficient ubiquitination

of HLA-B27 dimers seems to have a role in their accumulation®, and
might help to explain why ER stress develops. UPR activation has
several effects, including a reduction in the flux of proteins into the
ER, and an expansion of the capacity of this organelle to fold, secrete,
and/or degrade proteins*’. UPR activation can also lead to synergistic
upregulation of certain cytokines suchas IFNB* and IL-23 (refs. 40,42)
(Fig. 5). The key role of IL-23 in the development, survival, and activa-
tion of CD4"* T helper17 cells (T,17 cells), together with earlier evidence
implicating CD4" T cellsin mediating the SpA-like disease in HLA-B*27
transgenicrats, led to the discovery that T,;17 cells were major compo-
nents of inflammatory infiltrates in the gut** and joints* of these rats
(Fig. 1). Whether or not there is a role for IFNf in the pathogenesis of
SpA remains unknown. These observations suggested that HLA-B27

@ 1990: Arthritogenic peptide hypothesis
proposed® and HLA-B27 expression shown
to cause SpA-like inflammation in rats®

@ 1993: CD8' T cells from patients with reactive
arthritis shown to recognize HLA-B27 in
enterobacteria-infected target cells?®

@ 1996: Enterobacterial responses
found to be dominated by related
TRBV sequences*

@ —— 1999: Discovery of HLA-B27
misfolding™ and dimerization™

@ 2003: CD8* T cells found to be
dispensable for disease in HLA-B27
transgenic rats'®

@ 2005: HLA-B27 misfolding activates
the unfolded protein response in
transgenic rats¥’

@ 2009-2012: T,17 cells found expanded in gut
and joints of HLA-B27 transgenic rats*>*®

@ 20M:T,17 cells reported to recognize
HLA-B27 homodimers in AS%?

@ 2019: HLA-B27 misfolding triggers
XBP1-mediated TNAP upregulation
contributing to syndesmophyte formation®?

@ — 2017: TRBV motifs reported enriched in
HLA-B27* patients with AS*®

@ — 2022: TRBV9-TRAV21 TCRs shown to
recognize HLA-B27-bound peptides®

Autoimmunity Innate immune activation

Fig.1| A historical perspective of HLA-B27. Timeline depicting major eventsin
research on the role of HLA-B27 in spondyloarthritis (SpA) since the publication
of the arthritogenic peptide hypothesis and the report of SpA-like disease

in HLA-B*27 transgenic ratsin 1990. Events shown in red boxes are related to
autoimmunity, whereby HLA-B27 is targeted by adaptive immune cells, whereas
events shown in blue boxes relate to alternative hypotheses, including HLA-B27
serving as a target for innate immune receptors (killer immunoglobulin-like
receptors), atrigger for cytokine production, or a stimulus for mineralization and
new bone formation. AS, ankylosing spondylitis; TCR, T cell receptor; T,17 cells,
T helper 17 cells; TNAP, tissue non-specific alkaline phosphatase; TRAV,
TCRa-chain variable; TRBV, TCRB-chain variable.
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Fig.2| The arthritogenic peptide hypothesis. Peptides derived from bacterial
proteinsininfected antigen-presenting cells (APCs) are presented by HLA
classI(including HLA-B27) to generate a CD8" T cell response (middle panel).
Expanded clones persist and cross react with HLA-B27 self-peptides that share
similar contact residues with bacterial peptides. Autoreactive CD8" T cells can
produce pro-inflammatory cytokines including IL-17A, as well as cytotoxic
proteins (perforinand granzyme B) and cause inflammation in SpA target
organs. Current hypotheses explaining why this is more common with HLA-B27
thanwith other alleles are centred on the idea that there is mimicry between
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HLA-B27 self-peptides and certain bacterial peptides that does not exist for
peptides presented by other HLA class I types. Left, aribbon diagram of HLA-B27,
peptide and TRBV9-TRAV21 TCR based on X-ray crystallographic studies. Right,
migration of bacteria-specific CD8" T cells to the joint and ocular fluid where
these cells can cross-react with self-peptides (autoreactive) on HLA-B27 to cause
inflammation. ER, endoplasmic reticulum; ERAPL, ER aminopeptidase 1; TAP,
transporter associated with antigen processing; TCR, T cell receptor; 3,m,
B,-microglobulin. Adapted fromref. 51, Springer Nature Limited.

misfolding-induced ER stress, UPR activation and enhanced IL-23
production could provide a link between the HLA-B*27 allele and the
inflammatory phenotype of SpA** (Fig. 5).

New evidence regarding the role of HLA-B27

in spondyloarthritis

The emergence of new evidence for the role of HLA-B27 in SpA has
prompted further researchintoidentifying arthritogenic self-peptides
and potential mechanisms of HLA-B27 in driving SpA pathogenesis.

HLA-B27 and arthritogenic peptides

Thearthritogenic peptide hypothesisisbased ontheideathat HLA-B27
is unique among HLA class I alleles in that its self-peptides resemble
bacteria-derived peptides. This form of mimicry then elicits a patho-
genicautoimmune CD8'T cell response. Since the initial demonstration
that Salmonella-reactive CD8" T cells could cross-react with unin-
fectedcellsin1993 (ref.20), evidence of autoreactivity and arthritogenic
peptides has accrued slowly. Conserved T cell receptor (TCR) 3-chain
variable (TRBV) usage in these cross-reactive CD8' T cells from patients
with reactive arthritis provided evidence in support of specific TCR
autoreactivity to a limited set of peptides***. Another study showed
that HLA-B27 can present peptides from Chlamydia; however, the fre-
quency of these CD8' T cells specific for Chlamydia-derived peptides
was low and there was no evidence of pathogenicity or self-peptides as
targets*. By using an approach that selected peptides with a potential

HLA-B27-binding motif, anincreased frequency of CD8" T cell responses
toaself-peptidederived fromthevasoactiveintestinal peptidereceptor1
proteinwas described in patients with AS*. This intriguing finding has
notbeen widely replicated but deserves further attention.

Two key advances since 2017 have renewed interest in the role of
arthritogenic peptidesand CD8' T cellsin SpA pathogenesis. First, the
TRBV motif, which was first described in 2002 (ref. 45), has been con-
firmedinalarge number of patients with axSpA using high-throughput
TCRsequencing*®~°, Most notably,a2017 study included 234 patients
with AS and 227 healthy individuals, including a group of healthy indi-
viduals who were HLA-B*27-positive. The researchers found that the
TRBV9 motifwas present at a higher frequency in patients with AS than
inboth healthy individuals who were HLA-B*27 positive and those who
were HLA-B*27 negative. These findings strongly suggest that TRBV9
T cells are enriched in AS over and above an effect of HLA-B27 alone*.
Second, a2022 study analysed the transcriptome of individual T cells
from the joint and uveal fluid of patients with AS and acute anterior
uveitis (AAU) using single-cell RNA sequencing’. This study confirmed
the increase in TRBV9 sequences in patients with AS including the
conserved CDR3 Y/FSTDTQ motif, and identified TCRa-chain variable
(TRAV) sequences (such as TRAV21) that frequently pair with TRBV9
in the expanded CD8" T cells in these patients (Fig. 2). The authors
then expressed TCRa and TCRp chains with the TRBV9 and TRAV21
sequences that are found in AS and/or AAU and used soluble TCRs to
screenalibrary of peptides bound to HLA-B27. Using thisapproach, the
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investigators identified self and microbial-derived peptides recognized
by the (previously orphan) TCRs expandedin AS and AAU. Several recep-
torsrecognized abacterial peptide (YelH.232-240), whichis expressed
by both commensal Escherichia coli and pathogenic Salmonella and
Shigella spp.*. A follow-up study identified an additional expanded
ocular CD8" T cell clonotype that expresses TRBVS5-5 in combination
with the conserved 3 chain CDR3 motif and paired with TRAV21, that
recognizes YelH232.240. Interestingly, these CD8" T cells expressed a
mucosal gene set consistent with antigen encounter and differentiation
inthe gastrointestinal tract™. It should also be noted that despite having
similar antigen specificity, these ocular T cells expressed a TRBV5-4 or
TRBV5-5motifrather than TRBVY, indicating that TRBV9 is dispensable.

Theauthors of the follow-up study hypothesized akey role for the
aforementioned T cells that were educated in the gutin the pathogen-
esis of ASand AAU and suggested that these cells might provide a link
between theintestine and inflammation as these T cells are expanded
in the eyes and joints during inflammation. However, this study** did
notdemonstrate the function of these clones (such as cytokine and/or
cytotoxicity expression signatures), and thus additional studies willbe
necessary. Together, these studies**** support a central tenet of the
arthritogenic peptide hypothesis — that TCRs expressed by expanded
T cells in SpA recognize HLA-B27-peptide complexes (Fig. 2). How-
ever, the nature, cell specificity, location and identity of arthritogenic
self-peptides remain to be determined.

HLA-B27 and endoplasmic reticulum stress

Although HLA-B27 overexpression in rats clearly generates ER stress
and can lead to UPR activation, evidence that UPR activation occurs
whenHLA-B27is expressed at physiological levels in humansis mixed™.
Inearly studies UPR activation was not found in macrophages derived
from peripheral blood even with HLA-B27 upregulation®*>>; however,
UPR activation has since been reported in other studies in these cell
types with*® and without™ HLA-B27 upregulation. One challenge of
measuring UPR activation is that UPR target gene expression can be
transient, and the threshold for activation canbe cell-type dependent.
Inaddition, it could be that instead of acomplete UPR, single compo-
nents of the pathway are activated; for example, missense mutations
in the TNF receptor (encoded by TNFRSFIA), which cause TNFR1 to
misfold and accumulate intracellularly, cause XBPI (which encodes
a UPR transcription factor) splicing without upregulation of bind-
ing immunoglobulin protein (BiP) and C/EBP homologous protein
(CHOP) in cells from patients with TNF receptor-associated periodic
syndrome***%, Cells from these patients also accumulate mitochon-
drial reactive oxygen species, which alters pro-inflammatory cytokine
production and is likely to contribute to disease pathogenesis®.

The finding that UPR induction of CHOP mediates synergistic
IL23Aupregulation after triggering Toll-like receptors (TLRs)*° focused
some attention on this UPR target gene in HLA-B27-mediated disease.
Therole of CHOPin HLA-B27-induced gut inflammation was explored
using HLA-B*27 transgenic rats®. This study tested the hypothesis
that eliminating CHOP would ameliorate gutinflammation if HLA-B27
was driving increased IL-23 expression via UPR activation. However,
CHOP-deficient HLA-B27-expressing rats were found to exhibit slightly
worse gutinflammation compared with HLA-B*27 transgenic rats with
CHOP, despiteareductionin/[23a expression. Expression of /[17a and
Il17fwas not substantially reduced despite the reductionin/[23a expres-
sion. Enhanced expression of genes that encode cytokines such as 7nf,
Ifng, ll1a and ll1b was found in the tissue in animals lacking CHOP, con-
sistent withincreased histology scores. These findingsindicate thatan

HLA-B27-induced UPR does not drive gut disease in this experimental
model of SpA, but rather suggest a protective role for CHOP®',
Thereis compelling evidence that HLA-B27 expression could have
aroleinincreased bone formationin patients with AS through activa-
tion of XBPI (ref. 62). Mesenchymal stem cells (MSCs) isolated from
spinal entheseal tissue obtained during surgery from HLA-B*27-positive
patients with AS exhibited enhanced bone mineralization when dif-
ferentiated into osteoblasts compared with cells obtained from similar
sites from patients undergoing surgery for trauma. Bone-formation-
pathway genes were not differentially expressed in AS cells during
differentiation compared with controls, but rather there wasincreased
expression of tissue non-specific alkaline phosphatase (TNAP; encoded
by ALPL)incells from patients with AS. TNAP can contribute to bone for-
mation by increasing the pool of inorganic phosphate through pyroph-
osphate cleavage®. Inhibition of TNAP was sufficient to decrease
the aberrant mineralization observed in cells from patients with AS.
Increased TNAP levels were detected in the serum of patients with AS

B pocket

* Binds residue at position 2 of the peptide

* The HLA-B27 B pocket is highly specific for an
arginine side chain

* B pocket residues in HLA-B27 also substantially
influence the folding efficiency of newly
synthesized HLA-B27 heavy chains and are
responsible for the tendency of HLA-B27 to

al-helix

F pocket

Influences the C-terminal portion of the peptide
and differs between HLA-B27 subtypes B*27:09
and B*27:06 that are weakly or not associated
with AS, respectively

Fig. 3| Structural features of the HLA-B27 peptide binding groove.
Space-filling model of HLA-B27 based on a crystal structure depicting the
peptide binding site shown in ‘top down’ orientation as alanding site for

the T cell receptor. The HLA class | peptide binding site is shown as a series
of 6 pockets (labelled A-F) that form when the heavy chain foldsinto a
peptide-receptive state. Pockets A (green) and F (purple) contain conserved
contactresidues for the N terminus and C terminus of bound peptide.

Amino acid residues that vary considerably between HLA alleles line the
peptide-binding groove and create pockets that vary in size, shape and
chemical composition, thus resulting in the binding of a vast array of peptides
with substantial differences between alleles. The HLA-B27 B pocket (orange)
dominates the selection of peptides that bind to HLA-B27 and has a strong
preference for an arginine side chain at position 2 of the peptide. AS, ankylosing
spondylitis. Adapted fromref. 108, Springer Nature Limited.
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HLA-B27 heavy chains that have lost
B,mand peptide (top). T helper 17 cells
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receptor (KIR) 3DL2 (KIR3DL2) and
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bind to free HLA-B27 heavy chains,
triggering survival signals

and/or release of cytokines such as
IL-17A (bottom). IL-17Ais a potent
pro-inflammatory cytokine involved in
the pathogenesis of spondyloarthritis,
which might occur through its effects
on cells such as fibroblasts, myeloid
cells, osteoclasts and osteoblasts.
APC, antigen-presenting cell; MSC,
mesenchymal stem cell; TCR, T cell
receptor.
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who exhibited more functional restriction and structural damage from
their disease. Moreover, implants of these human MSCs into paraspinal
areas ofimmunodeficient (NOD SCID) mice revealed increased ectopic
bone formation by cells from patients with AS in a TNAP-dependent
fashion. HLA-B27 was both necessary and sufficient for increased
TNAP expression, as demonstrated by knockdown and overexpression
experiments, and the effect was specific for HLA-B27, establishing
adirectrole for this gene product in aberrant mineralization. A link
to ER stress activation was established by demonstrating misfolded
forms of HLA-B27in cells exhibiting IREL activation and increased XBPI
splicing, and the investigators also showed that spliced XBPI could
upregulate the transcription factor RARB (retinoic acid receptor-3),
which in turn upregulates TNAP expression®. Spliced XBP1I can also
promote endochondral bone formation®, although this mechanism
was not investigated in this study. Whether spliced XBPI promotes
IFNB production in MSCs, as has been shown in other cell types in the
context of TLR stimulation*, remains to be determined. IFNfis a potent
inhibitor of osteoclast formationand thus could contribute to arelative
increase in bone formation independent of its effect on osteoblasts.

Epistasis between HLA-B*27 and ERAP1

Thereis epistasis between HLA-B*27 and ERAPI (which encodes endo-
plasmicreticulum aminopeptidase 1(ERAP1)), with genetic variantsin
ERAPI conferring either risk or protection in HLA-B*27-positive indi-
viduals with AS®’; however, this effect also extends to HLA-B*40:01 in
HLA-B*27-negative individuals®. Although ERAP1 has more than one
function®, its prominent role in trimming peptides in the ER that are
eventually presented by HLA class I proteins means that this enzyme can
determine the quality and/or quantity of peptides available to HLA-B27.
Genetic and functional data indicate that ERAP1 variants that confer

loss-of-function or reduced expression are associated with protection
from AS®>*”*8, Knocking down ERAP1 expression in cell lines to mimic
reduced expression and/or loss-of-function clearly affects the presence
of dimers and misfolded forms of HLA-B27 as well as HLA-B27-bound
peptides, although the use of different cell lines and experimental
conditions has led to variable results between studies® 2. A consistent
findingis that many peptides presented by HLA-B27 in the absence of
ERAP1arelonger thanthe canonical octamers, nonamers and decamers
found when ERAP1 expression is normal™”>,

Epistasis between HLA-B*27 and ERAPI has been modelled in
rodents, in which eliminating ERAP1 expression protects HLA-B*27
transgenic rats from developing arthritis without reducing gut
inflammation’. As CD8" T cell recognition of HLA-B27 does not have
arole in this model, amore important finding was that in the absence
of ERAP1, HLA-B27 folding was more efficient, which reduced mis-
folding and mitigated activation of the UPR and the increase in /[23a
expression’™. Thus, as peptide availability influences HLA-B27 folding
and cell-surface stability, epistasis between HLA-B*27 and ERAPI does
notimplyapredominant mechanism of pathogenesis. It should be noted
thatepistaticinteractions between ERAPI and HLA classlalleles are also
seenwith Behcet disease (HLA-B*51) and psoriasis (HLA-C)">’*. Although
loss-of-function variants of ERAP1are associated with protection from
AS, they confer risk of Behcet disease””, underscoring the complexity of
therelationship between ERAP1, HLA class 1and disease development.

HLA-B27 and alterations in the gut microbiome

Althoughthereis considerable evidence from animal as well as human
studies that implicates gut microbial dysbiosis in the pathogenesis
of SpA, the role of HLA-B27 is less clear. Pioneering studies from the
1990s demonstrated that maintaining HLA-B27 transgenic animalsin
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germ-free conditions could prevent the development of arthritis and
gut inflammation’®. HLA-B27 transgenic rats develop gut dysbiosis™;
however, the characteristics of dysbiosis are highly dependent onthe
strain of rat (thatis, the genetic background of the rat) and/or environ-
ment, with no clear evidence ofincreases or decreases in the abundance
of specific bacteria across strains®°. Furthermore, it remains unclear
whether changesinmicrobiota precede altered cytokine expressionin
the gut of HLA-B*27transgenic rats, or if the oppositeis true. Separat-
ing out the effects of HLA-B27 in humans is even more complex owing
to heterogeneity among the other HLA alleles as well as dietary and
environmental differences. Nevertheless, associations between HLA
and microbial composition have been observed for HLA-B*27 as well
as other HLA alleles®. Studies have emphasized a reduction in micro-
bial diversity in patients with SpA compared with healthy individuals,
particularly in those who are HLA-B*27-positive, as well as overall cor-
relations between dysbiosis and disease activity, with reproducible
increases in Ruminococcus gnavus®-**, which is known to produce a
pro-inflammatory polysaccharide®. The presence of HLA-B27 could
influence the microbiota through any or all of the three mechanisms
described above. Further studies are needed to better understand the
role of the microbiota in the pathogenesis of SpA.

HLA-B27-ALK2 interactions
Ectopic expression of HLA-B27 and 3,m in Drosophila melanogaster
resultsinanabnormal phenotype characterized by loss of crossveinsin

the wings and in some cases reduced eye size®. This effect of HLA-B27
was caused by an interaction of properly folded HLA-B27-3,m heter-
odimers with the type I bone morphogenic protein (BMP) receptor 1
saxophone (Sax). The HLA-B27-3,m interaction with Sax seems to
disrupt Sax homodimerization, removing the antagonistic effect of Sax,
thereby enhancing BMP signalling and preventing crossvein formation
inthe wings. Theinvestigators wentonto establish the relevance of this
phenomenon in humans by showing that HLA-B27 complexes exist on
the cell surface in proximity to ALK2 (encoded by ACVRI in humans),
which is the mammalian orthologue of the Drosophila Sax receptor.
ALK2 is important for bone homeostasis, mediating BMP, TGF3 and
activin signalling. At baseline and upon stimulation with activin A or
TGF, peripheral blood T cells from patients who were HLA-B*27 posi-
tive exhibited increased phosphorylation of the downstream mediators
SMAD2 and SMAD3 relative to T cells from healthy individuals express-
ing other HLA class I proteins. This finding suggests that aninteraction of
HLA-B27 with ALK2 might prevent itsinhibitory effect on BMP signalling
inSpA, possibly promoting the aberrantbone formation phenotype. This
positive effect could be qualitatively similar to the effect of ALK2 muta-
tions thatreduce binding toits natural inhibitor, resulting in the loss of
antagonism and increased BMP signalling in fibrodysplasia ossificans
progressiva. This disorder is characterized by progressive heterotopic
ossification of connective tissue®®. Additionally, increased phosphoryla-
tion of SMAD2 and SMAD3 in HLA-B27-expressing T cells might promote
Tyl7 cellformationin SpA¥. These important observations willneed to
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Fig. 5| Convergence of endoplasmic reticulum stress and Toll-like receptor
signalling pathways. The tendency of the HLA-B27 heavy chain to misfold
can cause endoplasmic reticulum (ER) stress, triggering activation of the
unfolded protein response (UPR). A complete UPRis generated when binding
immunoglobulin protein (BiP) binds to misfolded proteins, such as HLA-B27,
andisreleased from IREla, PERK and ATF6 (not shown), which enables

their activation, leading to a transcriptional response and upregulation of
UPRtarget genes. UPR activation can enhance cytokine productionin cells
stimulated with Toll-like receptor (TLR) ligands derived from microbial
products. a, Activation of PERK leads to phosphorylation of eukaryotic
translation initiation factor 2a (elF2a), increased expression of ATF4 and
upregulation of C/EBP homologous protein (CHOP), which in turn promotes

IL-23, IL-6, and TNF production in myeloid cells stimulated with TLR3 and TLR4
(TLR3/4) ligands. The double-stranded RNA sensor kinase (PKR) can also play
apartinthestress response through elF2B. b, Activation of IRE1a activates
XBPI mRNA splicing, and synthesis of the active XBP1 protein. Downstream
effectsinclude promoting expression of IFN(, IL-6, and TNF in cells exposed

to TLR ligands. HLA-B27 expression has also been linked to XBP1-dependent
upregulation of retinoic acid receptor-3 (RARB) with downstream upregulation
of tissue non-specific alkaline phosphatase (TNAP) (which is encoded by
ALPL). TNAP expression promotes mineralization of HLA-B27-expressing
mesenchymal stem-cell-derived osteoblasts. Thus, HLA-B27 might promote
bone formation independent from effects on inflammation. NF-kB, nuclear
factor-kB. Adapted from ref. 40, Springer Nature Limited.
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be confirmed and extended to better understand the mechanism and
consequences of the HLA-B27-ALK2 interaction.

Implications for spondyloarthritis treatment

Landmark studies identifying TNF messenger RNA in sacroiliac joint
tissue from patients with AS provided a strong rationale for the use of
biologic DMARDs targeting this cytokine®®, a strategy that substan-
tially advanced the treatment of AS in the early 2000s. The studies
reviewed here implicating HLA-B27 in the activation of the IL-23-1L-17
axis contributed to the development and validation of IL-17A inhibi-
tion in the treatment of AS®. It should be noted that type 17 cells pro-
duce both IL-17A and IL-17F, and IL-17F might have pathogenic effects
independent of IL-17A. To date only IL-17A inhibitors are approved for
the treatment of axSpA. A 2024 study demonstrated the efficacy of
bimekuzimab, which blocks both IL-17A and IL-17F, in active axSpA®°.
Additional studies will be needed to define the importance of IL-17F
blockade with or without concomitantIL-17A blockade in the treatment
of SpA. Interestingly, biologic drugs targeting IL-23 (and both IL-12 and
IL-23) failed to show efficacy in AS or axSpA”** despite strong genetic
and pathophysiological evidence that the IL-23 signalling pathway is
important in this disease, and that blockade of this pathway has clear
therapeutic efficacy in psoriasis®and psoriatic arthritis®*. The reasons
for the failure of IL-23 inhibition, particularly in the context of the suc-
cess of IL-17A and IL-17F blockade, are not clear. Potential reasons for
the failure could include the possibility of an earlier therapeutic win-
dowthathas closedinthe patients with AS or axSpA who were studied
in trials, and/or the importance of various innate immune cells that
producelL-17A and IL-17F independently of IL-23 stimulation, perhaps
autonomously or through directinteraction with cell-surface HLA-B27
dimers that trigger NK cells or CD4* T cells” (Fig. 4). The Janus kinase
(JAK) inhibitors upadacitinib and tofacitinib have also proven effica-
cious and are now approved for the treatment of axSpA®, although
the major cytokine pathways that are affected remain unclear. It will
be interesting to learn whether TYK2 inhibitors (such as deucravac-
tinib) are efficacious in axSpA, as they have the potential to be better
for blocking type 17 innate and adaptive immune cell dysfunction”.

The success of blocking TYK2 in a preclinical model of SpA supports
thisidea’®, but awaits confirmation.

The discovery and further characterization of T cells expressing
HLA-B27-restricted TRA21-TRBV9 and other TCR motifs in AS pro-
vide an opportunity to test new cell-based therapies in this disease.
For example, chimeric antigen receptor (CAR) T cells directed at the
conserved TCR chains might be used to selectively deplete T cells that
are critical to disease initiation and/or progression. Conceptually,
therapies based on displacing targeted self-peptides or even reduc-
ing HLA-B27 expression could be considered. Intriguingly, a 2023
study reported that treatment of a patient who had had AS for >30
years with an anti-TRBV9 monoclonal antibody effectively depleted
TRBV9-positive CD8* T cells in the peripheral blood®’; this depletion
was associated with substantial clinicalimprovement, including meas-
ures of mobility and function that are associated with ankylosis and
usually considered irreversible!®. The patient’s previous treatment
was also highly unusual, as they had received an autologous haema-
topoietic stem cell transplant for AS a decade earlier. This result is
nevertheless very promising and justifies further study. Early results
fromarandomized, double-blind, placebo-controlled trial of BCD-180
(anti-TRBV9 antibody) were reported in 2024, demonstrating that up to
50% of patients who received BCD-180 achieved an ASAS40 response
at week 24 compared with only 24% of those who received placebo'.
The enthusiasm for anti-TRBV9 approaches must be tempered by the
factthat there are TRBV5-4 and TRBV5-5 motifs that recognize the same
antigen that could contribute to disease and yet not be targeted by
anti-TRBV9 antibodies*’.

Future perspectives

Research into the mechanisms whereby HLA-B27 contributes to the
pathogenesis of SpA continues to advance, although defining the most
proximaland causal eventsin early disease remains a substantial chal-
lenge. Technological and conceptual advances in our understanding
of innate and adaptive immunity and the effects of HLA-B27 expres-
sion have raised numerous questions that should be addressed by the
research community (Table1).

Table 1| Future perspectives for HLA-B27-related mechanisms

Pathways related Important questions Potential research strategies

to HLA-B27

Clonally expanded  What is the phenotype of TRBV9* and TRAV21* CD8" T cells and are they Paired single-cell RNA and TCR sequencing and spatial analysis
CD8" T cellsand expanded in entheses, synovial tissue and the gut? of affected tissues

recognition of

c ) What is/are the autoantigenic (arthritogenic) peptide(s)?
arthritogenic

Are expanded CD8" T cells with private TCRs HLA-B27 restricted?

Screening of tissue expression libraries using TCRs constructed
from expanded clones

eptides : .
pep Do CD4' T cells express TRBV9 or other expanded sequences? Further analysis of expanded CD8" T cells
In-depth analysis of CD4" T cell TCRs in SpA
Regulatory CD8* Are KIR* CD8" T cells relevant to SpA? Immunophenotyping and functional analysis of KIR* CD8*
killer T cells Are they regulated by aberrant HLA-B27? T cells in SpA
Consequences What cells are affected by HLA-B27-mediated ER stress? Are gut Assess effects of HLA-B27 expression in gut epithelial and

of ER stress epithelial cells affected?

Is UPR activation incomplete, with enhanced XBP1 splicing representing

the key pathway?

other cell types

Does activation of XBP1 splicing require additional stimuli in
HLA-B27-expressing cells?

ALK2 inhibition and
enhanced TGFf3
and BMP signalling

Does this mechanism alter bone formation?

How are immune cells altered by HLA-B27 effects on the ALK2 pathway?

Biochemical and molecular analysis of the ALK2-HLA-B27
interaction

Analysis of immune cells, MSCs and osteoblasts

BMP, bone morphogenetic protein; ER, endoplasmic reticulum; KIR, killer-cellimmunoglobulin-like receptors; MSCs, mesenchymal stem cells; SpA, spondyloarthritis; TCR, T cell receptor;

TGFB, transforming growth factor-f; UPR, unfolded protein response.
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Thereisnowdirectevidencethat CD8' T cells bearing afTCRs that
areexpandedin AS and AAU canrecognize HLA-B27-bound peptides®,
and some cells might develop after encountering bacterial antigensin
the gastrointestinal tract, providing a clue to their origin®. This work
has galvanized thefield, but there is more to learn about the phenotype,
function, and cytokine expression pattern of these T cells, as well as
theidentification of self-peptides that these CD8" T cells are targeting
andifthey areindeed autoreactive asis anticipated. CD8' T cells bear-
ing these public TCRs (that is, a TCR that is shared between multiple
individuals) have been found inthe joints and vitreous fluid of patients
with axSpA and AAU (with or without axSpA) and would be expected
at other sites of inflammation such as entheses. In addition to public
clones, private clones that are not broadly shared by patients have been
discovered*®; whether or not these clones are also HLA-B27 restricted
or if other HLA class I alleles present in individuals who are HLA-B27
positive are the target of additional autoreactive CD8" T cells will be
ofinterest. Such expansions could differ betweenindividuals owing to
HLA heterogeneity and would have escaped detection to date. Broader
autoimmunity could be the caseif aberrant properties of HLA-B27 work
in concert as an innate immune stimulus to promote CD4" T,17 cells
and/or CD8'T cell autoreactivity. Notably, HLA-B*27 positivity is asso-
ciated with better outcomes following infection with viruses such as
hepatitis C and HIV'°>'>, The basis for these associations is not known
butcouldberelated to oligomericintracellular or extracellular forms
of HLA-B27 serving as innate immune stimuli. If thereisamore general
phenomenon of autoreactivity, the question of whether other genetic
factors contribute toaloss ofimmune tolerance should be considered.
These questions cannot be addressed using existing animal modelsin
which disease developsindependently of CD8' T cells, and thus studies
of human cells and tissues or new models will be required.

Although the arthritogenic peptide hypothesisinits original form
proposes thatautoreactive CD8" T cells are cytotoxic (that s, they kill
target cells) it is plausible that they might function primarily via pro-
duction of pro-inflammatory cytokines. Traditionally, these cytokines
would include TNF and IFNy, although production of IL-17A and IL-
17F by CD8" T cells can occur and might be expected in SpA. It will be
important to perform detailed phenotyping and functional analysis of
TRBV9-motif-bearing CD8' T cells in patients with SpA, ensuring that
appropriate control samples are also analysed. Given the established
importance of type 17 innate and adaptive lymphocytes and their
cytokinesin SpA pathogenesis, establishing alink between expanded
CD8'Tcellsand T,;17 cytokines is a high priority, as well as determining
whether CD4" T cells express expanded o TCR motifs.

It would be surprisingif the widespread tissue inflammation seen
inaxSpA (atsites such as entheses, axial and peripheral joints, gastro-
intestinal tract and eyes) will be explained by a single peptide targeted
by autoreactive T cells, and thus looking for additional expanded
TCR motifs and cross-reactive peptides is relevant. Characterization
of expanded TCR motifs should extend to early disease, including
juvenile-onset SpA, to establish the primacy of these cells and further
specificity for HLA-B27.

Thenew developments discussed in this Review suggest the prom-
ise of novel biologic drugs and cell-based therapies aimed at eliminat-
ingthe expanded TRBV9 and TRBV5-5-motif-bearing CD8" T cells. Early
results from clinical trials are intriguing, but larger studies must be
carried out to establish therapeutic efficacy and provide correlates
with changes inimaging and tissue inflammation.

CD8" T cells expressing inhibitory KIRs have been shown to
efficiently eliminate pathogenic gliadin-specific CD4" T cells from

leukocytesisolated from patients with coeliac disease in vitro'**. Con-

sidering the previous evidence supporting the regulation of CD4"
Tcellsand NK cellsby HLA-B27 viaits binding to KIR3DL2 (ref. 105), it is
worth considering if KIR*CD8" T cells are relevant to SpA pathogenesis.
More specially, KIR"CD8'T cells could regulate the expansion of T,,17
cells. If this is the case, assessing whether the KIR* CD8" T cells in SpA
are clonally expanded and restricted to HLA-B27 would be of interest.
Future work performing immunophenotyping and functional studies
of KIR"CD8'T cells from blood or joint tissue will be important.

Although ER stress and enhanced IL-23 production caused by
HLA-B27 expression in myeloid cells have been established in rats*,
similar consequences have not been observed in humans. Moreover,
amechanistic link between UPR-induced CHOP and subsequent IL-23
production hasbeen ruled outas apotential mechanism for gutinflam-
mationinrats®. A2023 study demonstrated that T,17 cell-inducing gut
bacteriacanalsoinduce ER stress inintestinal epithelial cells (IECs)'°°,
which could potentially be exacerbated by HLA-B27 expression. Nota-
bly, activation of these IECs enhanced their production of bothreactive
oxygen species and purine metabolites to promote the accumulation
of T 17 cells, which are key drivers of inflammation in SpA. Thus, it
would be ofinterest to determine whether HLA-B27 enhances ER stress
inIECs, which could alter T,,17 cell generation and the gut microbiota
independent of the effects of CHOP on IL-23.

The discovery that HLA-B27 caninhibit ALK2 function® hasimpli-
cations for altering signalling responses to TGF[3 as well as BMPs, with
potential downstream effects onimmune homeostasis through regula-
tion of T cell subsets (examples of cells regulated by TGFB include T,,17
cells, regulatory T cells and tissue-resident memory T cells)'*” as well as
bone formation. The molecular basis and consequences of this effect
of HLA-B27 require further study.

In addition to HLA-B*27, other HLA class I alleles (such as
HLA-A*02:01, HLA-B*40:01 and HLA-C*12:02) and some HLA class Il
alleles have been associated with an increased risk of developing AS
(compared with the absence of the aforementioned other HLA class|
alleles in HLA-B*27-negative individuals®*), although the effect size of
each allele is much smaller than that of HLA-B*27. Notably, although
there is epitasis between ERAPI and HLA-B*40:01 in conferring risk
for AS*, this phenomenon has not been reported for other HLA class |
alleles. The association of multiple HLA class I and Il alleles with AS
makes it unlikely that a single arthritogenic peptide exhibiting pro-
miscuous binding to all these alleles is causative. Although searching
for expanded TCR clones in individuals with other risk alleles and/or
assessing the biology of these risk alleles s attractive, it could be techni-
cally difficult because so few cases exist relative to HLA-B*27-positive
patients.

Conclusions

Evidence supportsdistinct roles for peptide presentation, cell-surface
dimerization and misfolding of HLA-B27 in the pathogenesis of SpA.
CD4" T cellrecognition of cell-surface dimers by innateimmune recep-
torsand the development of ER stress secondary to HLA-B27 misfolding
have been linked to increased production of IL-17A, a major target in
the treatment of SpA.Inaddition, HLA-B27 can promote aberrant bone
formation through misfolding and XBP1activation. New evidence has
revealed that TCRson CD8T cellsthat areexpanded in SpArecognize
peptides bound to HLA-B27, and on the basis of antibody-mediated
depletion studies, these T cells could be pathogenic, supporting the
conceptofarthritogenic peptides. Continued researchineach of these
areas of investigationis needed to better understand the contribution
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of HLA-B27 to disease pathogenesis. Occam’s (or Ockham’s) razor
implies that the simplest explanation is usually the best one; unfor-
tunately, the conundrum of HLA-B27 and SpA has so far defied simple
explanations.

Published online: 2 December 2024
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Abstract

Sections

Antigen-specific therapies have along history in the treatment of
allergy but have not been successful in autoimmunity. However,

inthe past 20 years, advances in the definition of the self-antigens

that promote autoimmunity and the growing understanding

of the mechanisms that maintain tolerance in health but fail in
autoimmunity have led to antigen-specificapproaches being
considered for the treatment of autoimmune diseases. The core

goal of each antigen-specific treatment approachis to remove the
immune response that promotes autoimmunity whilst sparing
protective responses. Approaches to antigen-specific therapy range
fromtargeted deletion of autoreactive lymphocytes to tolerization of
autoreactive T cells and active inhibition of autoimmune responses.
Technologies such as vaccines, nanoparticles, cell-based therapies and
gene editing are being harnessed to achieve these goals. Remaining
challenges include the selection of the best antigen to target, modality
and timing of administration of these therapies and the disease in
which the therapies are used; overcoming these challenges will be
vital to move antigen-specific therapies forward. Once established,
antigen-specific therapy has the potential to be applied broadly in the
area of autoimmunity.
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Key points

e Current therapies for autoimmune diseases target inflammation but
are immunosuppressive and do not directly address the underlying
cause of disease, which is a failure of immune tolerance to self.

o Antigen-specific therapies have the potential to target pathogenic
autoreactive lymphocytes whilst preserving protective immune
responses.

e Approaches to antigen-specific therapy include deletion, tolerization
and/or active suppression of autoreactive lymphocytes.

o Therapeutic challenges include the selection of the appropriate
antigen to target, avoidance of off-target effects and identification of
the appropriate stage of disease for therapy.

Introduction

Autoimmune diseases are driven by a failure of immune tolerance
whereby immune responses targeting self-antigens become patho-
genic, whichleads tolocalized or systemic inflammation (Fig.1). Auto-
immunity can manifest asinflammationinasingle organ thatis driven
by aloss of tolerance to antigens specific to that tissue and mediated by
autoantibodies or by autoreactive T cells. Examples of tissue-specific
autoimmunity include Graves disease, in which anti-thyroid-stimulat-
inghormonereceptor antibodies resultin hyperthyroidism, and type 1
diabetes mellitus (TIDM), in which autoreactive CD4*and CD8" T cells
target the insulin-producing B-cells in the pancreas'*. Autoimmunity
can also manifest as a systemic illness, driven by immune responses
to autoantigens that are ubiquitous. Autoimmune diseases that are
defined by systemic autoimmunity include systemic lupus erythe-
matosus (SLE), inwhichimmune responses target ubiquitous nuclear
self-antigens, and seropositive rheumatoid arthritis (RA), in which
immune responses target citrullinated self-antigens™*.

Theimmune system maintains tolerance to self through multiple
mechanisms. Autoreactive T cells with the potential to be patho-
genicaredeleted in the thymus and those that escape into the periph-
ery are tolerized through anergy or suppressed by regulatory cells®.
Thymically-derived CD4"FOXP3" regulatory T (T,..) cellsare one form
of regulatory cell that are central to maintaining self-tolerance. T, cells
areactivated by self-antigens and upon activation suppress prolifera-
tion and cytokine production of effector T (T,) cells through contact
and non-contact mechanisms®. T, cells mediate suppression by direct
contactwith T.cells, but also through secretion of TGF 3, sequestration
ofIL-2and alterationsin antigen presenting cells (APCs) that limit their
ability toactivate T.ycells®. Notably, T, cells not only suppress T cells
that have the same specificity (thatis, the MHC-peptide complex rec-
ognized by the T cellreceptor (TCR)) but once activated also suppress
bystander T cells, whichincludes T cells reactive to other self-antigens,
whichbroadens the ability of T, cells to control autoreactivity within
atissue®. B cells also undergo a process of selection, which limits the
development of high affinity autoantibodies’. Regulation of auto-
reactivity is also mediated by the production of regulatory cytokines
(for example, CD4" type 1 regulatory T (Tr1) cells produce IL-10 and
TGFB®). T cells and B cells influence each other: B cells function as
APCs, which can promote autoreactivity, and T cells provide help to
B cells which enables them to mature into antibody-producing cells’.

Inthe case of autoreactivity, aloss of tolerance in one compartment can
promote the loss of tolerance in the other, resulting in autoimmunity
and inflammation.

Current therapies for autoimmune diseases target the inflamma-
tory processes. These approaches have led to marked improvementin
controlling the symptoms and disability caused by many autoimmune
diseases but result inimmunosuppression, and the underlying cause
of disease, failure ofimmune self-tolerance, is not directly addressed.
Thegoal of antigen-specific therapiesis not only to target pathogenic
autoreactive lymphocytes but also to preserve protective immune
responses. In this Review, | describe three different approaches to
achieve this goal: deletion of pathogenic autoreactive lymphocytes,
tolerization of pathogenic T, cells and active regulation of autoreactive
lymphocytes, with afocus on CD4" T cells. 1 address the evidence that
indicates that these approaches can be successful, the challenges
that must be overcome and the prospects for success in using these
approachesto treat autoimmune and rheumatic diseases.

Current challenges for developing
antigen-specific therapies

Amajor challenge in the development of antigen-specific therapies for
autoimmune diseasesis that not all autoreactive lymphocytes promote
disease.Indeed, autoreactive lymphocytes are also present in healthy
individuals and promote tolerance, asis the case for T, cells. Therefore,
antigen-specific therapies must be designed to target autoreactive
lymphocytes that promote disease whilst sparing the cells that con-
tribute to health; to develop such antigen-specific therapies requires
anin-depth knowledge of the specificity and pathogenic features of
autoreactive lymphocytes that distinguish them from those that are
important for maintaining health.

Antigen-specific therapy has been used for more than 100 years
in the setting of allergy’®, which is characterized by an inappropri-
ate immune response to a benign foreign antigen. Allergen immuno-
therapy, which involves exposure to the allergen through mucosal
or subcutaneous delivery can decrease symptoms and even prevent
disease'. Despite the success of antigen-specific therapy in allergy, the
translation of these approaches to autoimmunity hasbeen challenging.
Unlikeinallergy, in which the target antigenis foreign, the target anti-
gens for autoimmunity are self-antigens, which are often ubiquitous
and must be targeted without impairing beneficialimmune responses.

Other challengesinclude determining the best cell type to target
and the specific antigen that promotes disease. The cell type could be
selected onthe basis of the understanding of the mechanism of disease
pathogenesis. Thus, B cells should be targeted in settings in which
autoantibodies are the prime mediator of disease, and T cells should
be targeted when they are the key drivers of autoimmunity. However,
selecting an approach based solely on the prime mediator of disease
does not take into account the roles that B cells have as APCs, nor that
Tcellhelpisvitalto promote B cell development. The choice and type of
target antigen is also important and requires an in-depth knowledge
oftheantigen or antigens driving pathogenic responses. Additionally,
B cells recognize whole antigens whereas T cells recognize peptides
thatare derived from whole antigens and presented viaMHC on APCs.
Despite these hurdles, multiple approaches currently show promise,
including the deletion of autoreactive lymphocytesinvivo, the toleriza-
tion of autoreactive lymphocytes through anergy, alteration of their
function or restoration of the ability of defective regulatory cells to
control them, and the active regulation of pathogenic autoreactive
T cell function via the delivery of regulatory cells (Fig. 2). The aim of
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each of these approaches is to restore and maintain self-tolerance
in patients with established autoimmune disease and to prevent
the loss of self-tolerance in individuals who are at risk of developing
autoimmune disease.

Types of antigen-specific therapies

Despite the aforementioned hurdles, multiple approaches currently
show promise for antigen-specific therapies, including the deletion
of autoreactive lymphocytes in vivo, the tolerization of autoreactive
lymphocytes through anergy, alteration of their function, or restoration
ofthe ability of defective regulatory cells to control them, and the active
regulation of pathogenic autoreactive T cell function via the delivery
of regulatory cells (Fig. 2). The aim of each of these approaches is to
restore and maintain self-tolerance in patients with established auto-
immune disease and to prevent the loss of self-tolerance inindividuals
who are at-risk of developing autoimmune disease.

Deletion of pathogenic autoreactive cells

Therapies that deplete total B cell populations have proven to be effec-
tive for the treatment or prevention of autoimmune diseases. Examples
ofthesetherapiesinclude depletion of B cells via anti-CD20 monoclo-
nal antibodiesin RA, invasculitis and in relapsing-remitting multiple
sclerosis'> ¢, and anti-CD19 chimeric antigen receptor (CAR) T cell
therapy in SLE, in idiopathic inflammatory myositis and in systemic
sclerosis” . Although a decrease in autoantibodies has been seen in

some settings with the use of B cell depletion therapies, it is not yet
proven that the loss of autoantibodies is the basis for the therapeutic
response. Indeed, in the case of anti-CD20 monoclonal antibodies,
long-lived plasma cells and autoantibodies persist, raising the possibil-
ity that the production of antibodies by B cells could be lessimportant
thanthe additional roles that these cells have intheimmune response,
such as antigen presentation and cytokine production. Anti-CD19 CAR
T cell therapy, however, does result in a deep depletion of B cells, and
in SLE is accompanied by a drop in anti-DNA antibodies which sug-
gests thatloss of anti-DNA antibodies might beimportant toachieve a
therapeutic response in SLE3%°, Less is known about the therapeutic
efficacy of total T cell depletion in humans owing to concerns about
profound immunodeficiency.

Despite the promise of lymphocyte depletion, these therapies
are not antigen-specific, and result in substantial immunosuppres-
sion, including impaired responses to vaccines?-*%. Thus, strategies
for selective depletion of autoreactive lymphocytes are being actively
pursued. Targeting of autoreactive B cells via the delivery of deletional
signals through autoantigen binding toits receptoris being developed
using particle-based therapies, soluble antigen multimers, cell-based
therapies and fusion proteins, and is reviewed elsewhere?. Asan exam-
ple, liposomes coated with both factor VIIl and CD22 (an inhibitory
co-receptor) prevented bleeding in amouse model of haemophilia, in
which autoantibodies that target factor VIllwere pathogenic?, and this
typeofapproachcouldalsobeusefulinautoimmune rheumaticdiseases.
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Fig.1|Immune processes driven by antigen recognition in autoimmunity
and points of antigen-specific intervention. This figure demonstrates the
key processes in the development of autoimmunity and how these processes
canbe targeted by antigen-specific therapies. Dendritic cells (DCs) presenting
antigen on MHC class Il activate naive autoreactive CD4" T cells and induce
their differentiation into pathogenic T cells (such as T helper 1(T,1), T,,2 or
Tyl7 cells) or T follicular helper (Tg) cells. Autoreactive B cells are activated
by Ty, cells and secrete autoantibodies. Regulatory T (T,,) cells can fail to
suppress activated autoreactive T cells. Autoreactive T cells migrate to tissues

where they are activated and secrete pro-inflammatory cytokines resulting in
disease pathology. Antigen-specific approaches (shown in brown boxes) include
blocking T cell activation (either by stopping MHC-peptide binding to the T cell
receptor (TCR) or preventing antigen presentation by DCs), depleting B cells
(either by stopping antigen binding or preventing autoantibody production)
and enhancing T, cell function and numbers. Colours indicate T cell state: naive
autoreactive CD4" T cell (pink), pathogenic T effector cell (red), T,, cell (blue),
Ty, cell (orange). PsA, psoriatic arthritis; RA, rheumatoid arthritis; SLE, systemic
lupus erythematosus.
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Fig. 2| Pathways to antigen-specific tolerance. There are numerous processes
thatlead to the development of antigen-specific tolerance. Autoreactive T cells
canbe deleted by linking a death signal to the MHC-peptide complex that binds
the T cell receptor (TCR). Autoreactive T cells can be functionally silenced either
by anergy or by tolerizing them to a type 1 regulatory T (Tr1) cell phenotype; both
ofthese approaches rely on creating tolerogenic dendritic cells (DCs) leading to

antigen presentation in the context of tolerogenic signals via DCs, nanoparticles
or DNA vaccines. Regulatory T (T,.,) cells can be engineered to actively suppress
autoreactive T cells either by introducing a transgenic TCR or genetically
engineering chimeric antigen receptor (CAR) T, cells. Coloursindicate T cell
state: pathogenic T effector cell (red), T, cell (blue), anergic T cell (yellow), Tr1
cell (blue).

Notably, however, plasma cells, which produce antibodies, cannot be
deleted by approaches that utilize antigen binding to the B cell recep-
tor (BCR) as these cells do not express the BCR on their cell surface.
Selective deletion of autoreactive CD4" T cells has gained interest,
especially in the context of autoimmune diseases that are strongly
associated with HLA classl alleles, such asRA and TIDM, in which, the
death signal is linked to the MHC-peptide complex that binds to
the TCR.However, there are several challenges with this approach; for
instance, the autoantigen that drives pathogenic autoreactive T cells
must be known, the therapy must be individualized on the basis of HLA
type and the therapy needs to be specific to avoid off-target killing of
T cells. Indisease settings where germline encoded regions of the TCR
of the autoreactive T cell are shared, deletion of this subset of T cells
provides a way to overcome these challenges. For example, in a 2023
study, acytotoxic antibody againsta TRBV9-derived TCR motifon CD8"
T cells was used to treat ankylosing spondylitis, a disease in which the
TRBV9 TCR motifis enriched®. Inasingle patient, thisapproachled to
the targeted depletion of TRBV9' T cells and clinical remission, and has
led tolarger clinical trials with this agent (NCT05445076, NCT06333210
and NCT05407779), thus underscoring the therapeutic potential of the
depletion of autoreactive T cells*. However, the greatest limitation
of lymphocyte depletion approaches is that, in many autoimmune
diseases, tolerance is lost to multiple autoantigens or epitopes, and
many of these TCRand BCR sequences are private; thus, targeting only
one epitope, antigen or germline sequence is probably inadequate to
control disease.

Promoting tolerance by altering the function of pathogenic
Tcells

Analternativeto deletionis to make autoreactive T cells non-pathogenic
by either deviating their lineage or functionally silencing them through
anergy. These approaches rely on the context of T cell recognition of
aself-antigen; each approachis designed to promote the recognition
of peptides by autoreactive T cells in the absence of inflammation or
co-stimulationsignals orinthe presence of tolerogenic signals. Multiple
approaches have beendeveloped to accomplish antigen deliveryinthe
context of tolerogenic signals, but four delivery types predominate:
tolerogenic dendritic cells (DCs); nanoparticles; DNA and messenger
RNA vaccines; and peptides or whole-protein antigens. Antigen types
include whole antigen, peptides or altered peptides, and the routes
of administration can be oral, mucosal, subcutaneous, intra-nodal
injection or intravenous.

Tolerogenic dendritic cells. DCs are professional APCs that are central
to determining T cell lineage and fate in vivo through their ability to
process self-antigens and present peptide in the context of MHC
to T cells; DCs also provide co-stimulatory and cytokine signals that
determine T cell fate. Thus, an early approach to antigen-specific ther-
apy was the use of autologous tolerogenic DCs that were pre-loaded
with autoantigens. Two phase I clinical trials demonstrated the safety
of thisapproachin patients with RA or inflammatory arthritis***”. Each
trial used a different strategy to pre-load the DCs with autoantigen:
in the first trial DCs were pre-loaded with four citrullinated peptides
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derived from autoantigens that had previously been implicated in
RA pathogenesis®®, whereas in the second trial, DCs were exposed to
autologous synovial fluid from the patient being treated”. DC-derived
extracellular vesicles are also being developed as a cell-free therapy
that can be stored for long periods of time and has a high biostability
in circulation®; these vesicles have demonstrated efficacy in mouse
models of autoimmunity, such as the collagen-induced arthritis (CIA)
model of RA**°, These approaches haveled to the development of carri-
erssuchasnanoparticles, liposomes and red blood cells used to deliver
antigens to DCs and promote tolerogenic features in these cells®.

Liposomes and nanoparticles. Liposomes have been used to deliver
antigen as well as other molecules or substances to DCs that modulate
their function; for example, the addition of an nuclear factor-kB (NF-kB)
inhibitor to liposomes results in DCs that promote the development
of T, cells*”. On the basis of this finding, a clinical trial in RA using
liposomesloaded withthe typell collagen,s,_,,; peptide and the NF-kB
inhibitor calcitriol was carried out™. This trial demonstrated safety and
amodest improvement in disease activity and provided insights into
underlyingimmune mechanisms of RA. Anincrease in PD-1expression
ontypellcollagen-specific T cells and exhaustion signatures suggested
anincreaseintolerance®. Furthermore, there was evidence of changes
in cit-vimentin-specific T cells, suggesting bystander effects on other
autoreactive T cell specificities that target other RA antigens™. The
next steps for this approach include identification of the ideal anti-
gen and/or peptides and other additional factors that could further
enhancethetolerogenic effect of liposomes. An exciting extension of
thisworkis the use of liposomes for the delivery of nucleoside-modified
messenger RNA that encodes autoantigens to CD11c* APCs. Studiesin
experimental autoimmune encephalomyelitis (EAE), a mouse model
of multiple sclerosis, have shown that the aforementioned liposome
treatment approach increases T, cells and ameliorates disease*.
Similarly to liposomes, polymer-based nanoparticles are also
being used to deliver both antigens and tolerogenic signals. Nanoparti-
clesboundto antigens canbe directed tosites in the body that promote
tolerance, such astheliver and spleen, or loaded withimmunomodula-
tory chemicals that provide a source of antigen and chemical signals
that alter APCs, which can also promote tolerance®. For example,
microparticles that are made of all-trans-retinoicacid and encapsulated
inhydrolytically degradable poly-(lactic-co-glycolic) acid canbe deliv-
eredtothejointinthe SKG mouse model of RA; this method was effica-
cious and conferred protection without globalimmunosuppression®.
In addition, nanoparticles can be targeted to organs or cells via their
physicochemical properties; for example, targeting plasmacytoid DCs
in the spleen or liver can promote tolerogenic phenotypes®,
Polymer-based nanoparticles coated with MHC class1or II-peptide
complexes candirectly interact with autoreactive T cells; evidence that
supports this approach has been demonstrated in rodent models of
autoimmune disease”. Nanoparticles coated with MHC class I-peptide
complexes (IGRP peptides) or MHC class II-peptide complexes (chro-
mogranin A peptides) induced expansion of antigen-specific T, cells
and halted disease progressionin the non-obese diabetic (NOD) mouse
model of TIDM*. Nanoparticles coated with MHC class lI-peptide com-
plexes have also been shown to effectively reduce disease severity in
mouse models of RA. Inthe CIAmodel of RA, nanoparticles coated with
MHC class Il complex A%galCOL2 ameliorated autoimmune arthritis;
in the HLA DR4-transgenic model of RA a nanoparticle coated with
HLA class Il DR4-mouse type Il collagen,s,_,;,; complex successfully
controlled arthritis through the promotion of Tr1 cell development;

TrlcellsproducetheregulatorycytokinesIL-10and TGF(3*°. Thisapproach
has also been extended to EAE mouse models of multiple sclerosis*.
Clinical trials of antigen-carrying nanoparticles are underway”..
A phase I trial in multiple sclerosis (EudraCT 2008-004408-29)
used myelin peptides bound to apoptotic red blood cells that trafficked
tothespleenandliverto deliver antigen; the outcome of this trial sug-
geststhatthereisadecreaseinT cell responses to the myelin peptides
invitro after therapy*. Liposomes that carry myelin-derived peptides
andtarget CD206 have been well tolerated and decrease inflammatory
mediators in the serum of individuals with multiple sclerosis (Rus-
sian Public Health Ministry #930 (FASEMS-01/01))****. In a phase Ila
trial, treatment of coeliac disease with poly-(lactic-co-glycolic) acid
nanoparticles that contained gluten protein led to a decrease in cir-
culating CD4'CD38"a4f37" T cells, a cell type thought to contribute to
the pathology of coeliac disease, but did not change clinical outcomes
(NCT03486990 and NCT03738475)**.

Vaccines: whole-antigen, peptide, DNA or mRNA. The use of anti-
gens (eitherindividual peptides or whole antigens) is an approach that
relies on the principle that either the peptide itself has tolerogenic
features or the mode of delivery of the antigen will enable develop-
ment of tolerance. One approach to antigen delivery is the use of vac-
cination, whereby an autoantigen together with an adjuvant that is
designed to divert pathogenic T cells (such as T helper 1 (T,1) cells
or T,17 cells) towards a T,;2 cell-like phenotype is administered. This
approach has been carried out with an adjuvant mixed with peptide
orwhole antigen; for example, aglutamic acid decarboxylase (GAD)-
alumvaccine is being tested in TIDM*¥, Alternatively, a peptide can
beengineered so thatitis linked to cell-binding proteins that promote
T,;2 cell cytokine secretion, as is the case for the DerG-LEAPS conju-
gate, which incorporates proteoglycan and aggrecan epitopes and
has demonstrated efficacy in the recombinant human proteoglycan
aggrecan-Gl domain-induced arthritis (GIA) mouse model of RA*S,
Similarly, vaccination with a fructosylated peptide derived from the
immunodominantT cell epitope of bovine typell collagen s effective
in the fibrinogen-induced arthritis (FIA)-CIA mouse model®.
Delivery of a protein via DNA or RNA is an approach that is gain-
ing momentum and enables the in vivo production of antigen that is
linked with co-expression of regulatory molecules, such as IL-4 and
IL-10. DNA-mediated protein delivery hasbeen achieved in rat models
of RA, in which a DNA vaccine encoding chicken type Il collagen has
shown therapeutic efficacy® % The safety of this approach in humans
isnowbeingtestedinthe TOPPLE TIDM trial (NCT04279613) in which
aplasmid encoding pre-proinsulin, along with TGFf1, IL-10 and IL-2, is

delivered subcutaneously****.

Apitopes and altered peptide ligands. Other approaches utilize
selected peptides alone to confer tolerance, such as antigen processing
independent T cell epitopes (known as apitopes), which are adminis-
tered subcutaneously and promote IL-10 production and induction
of Trl cells™. Apitopes are water soluble, can bind to MHC with high
affinity and mimic the native peptide. Apitopes are thought to be
bound preferentially by CD11c* DCsin lymph nodes and in the spleen,
and have a short half-life. Clinically, apitopes are being applied in
Graves disease and multiple sclerosis®. Other studies have identified
tolerogenic peptides that occur when the sequence of aself-epitopeis
slightly altered from the native peptide; these are referred to as altered
peptide ligands (APLs)*°. In both the EAE model of multiple sclerosis
and the NOD model of TIDM, APLs have been shown to effectively
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block or alter autoreactive T cell responses owing to alterationsin their
binding to MHC or contact with TCRs**%, These approaches have been
extended to human trials and have been shown to be safe in new-onset
T1IDM (NCT03272269)*°°; however, conflicting outcomes have been
reported inmultiple sclerosis. In one study (n = 142), administration of
myelin basic protein (MBP) APL reduced the number of lesions appear-
ingonMRIand skewed T cells towards the less pathogenic T2 cell line-
age (NCT00079495), whereas in another study of eight individuals,
administration of MBP APL (NCT00001781)** led to exacerbations
of multiple sclerosis and an increase in pathogenic T,1 MBP-specific
T cells®’. Both studies were suspended because of safety concerns,
highlighting therisk of using anantigen or peptide to vaccinate patients
andthe needto consider mode of delivery to ensure that the antigenis
delivered into a tolerogenic space, such as the spleen or liver. Impor-
tantly, these tolerogenic spaces might be influenced by factors beyond
the productitself (thatis the peptide or antigen) and could also be influ-
enced by ongoing inflammation at the time of treatment, as a result of
the disease itself or intercurrent infections. Furthermore, in the case
of APLs, it remains unclear if a tolerogenic peptide in some patients
could be pathogenic in others. Ultimately, important considerations
for this approach are what antigen to use and whether asingle antigen
or peptide works for everyone. These areissues that ongoing research,
clinical trials and associated mechanistic studies will help to address.

Promoting tolerance through active regulation

Athird approach to antigen-specific therapyisactive regulation, which
isinspired by the demonstration that peripheral regulation of auto-
reactivity is central to immune regulation. This peripheral regulation
is achieved through immune cells, which have the capacity to regu-
late the immune response. Although multiple regulatory cells have
been described, CD4" T, cells are the most well-characterized, and
these cells express the transcription factor FOXP3, which has been
described as the master regulator of T, cells*’. In humans, the impor-
tance of T, cellsis demonstrated by IPEX (immune dysregulation, poly-
endocrinopathy, enteropathy, X-linked) syndrome whereby mutations
in FOXP3 resultin the absence of T, cells and the subsequent devel-
opment of profound autoimmunity from birth including early-onset
TIDM®. Similarly to other CD4" T cells, T, cells are activated through
their TCR upon recognition of an MHC-peptide complex on an APC.
T, cells recognize self-peptides and upon activation block the pro-
liferation and function of T, cells, through contact and non-contact
mechanisms®**. Importantly, T, cells suppress bystander T cells as
well as those specific for the same target antigen®. Thus, these cellsare

onlyactiveinthe presence of aspecific self-antigen but once activated
have the ability to suppress local T cells irrespective of specificity, thus
promoting tissue tolerance. Therefore, it might not be essential to
identify all antigens involved in pathogenesis if the immunotherapy
induces bystander suppression.

Increasing the number of T, cellsinan individual as a treatment
approach for autoimmunity has been attempted in multiple settings
(Fig.3).Providing IL-2 asagrowth factor hasbeen shown to promote the
expansionof CD4°CD25" T, cellsin vivo; for example, treatment with
IL-2led to a partial clinical response in patients with graft-versus-host
disease®® and some early success was been reported in vasculitis®. Yet,
IL-2 has additional immune effects that can promote inflammation or
expand unwanted T cell populationsin the setting of autoimmunity.
To address these concerns, new therapeutics that mimic IL-2 and spe-
cifically target T, cells are being developed, therefore avoiding activa-
tion of other cell populations; many of these IL-2 mimics are currently
being assessed for efficacy in both cancer and autoimmunity’. Notably,
the pegylated IL-2 biologic rezpegaldesleukin, which targets the IL-2
receptor on T, cells, did not meet its primary end point in a phase Il
study in 291 adults with moderate-to-severe SLE”, and a phase lIb trial
of an IL-2 mutein Fc fusion protein, efavaleukin alfa (NCT04680637),
was stopped because of futility in SLE”>. An alternative approach is the
expansion of autologous polyclonal T, cells ex vivo followed by infu-
sion of the expanded cells; this approach has been shown to be safe”
but clinical efficacy has not been shown in autoimmunity”™ (Fig. 3).
However, none of these approaches provides an antigen-specific form
of therapy.

Active antigen-specific regulation requires the promotion or
delivery of aregulatory cell that is specific to the target autoantigen.
To achieve antigen-specific regulation, autoreactive T cells can be
redirected in vivo towards aregulatory phenotype or modified ex vivo
to promote antigen-specific tolerance®*”. Peptide immunization alone
or nanoparticles that deliver antigen to APCs can promote the induc-
tion of antigen-specific Trl cells in vivo™. Similar approaches can also
promote adaptive T, cells”’. A second approach is adoptive transfer
of antigen-specific T, cells; this approach has been pioneered in the
transplantation field. The use of donor-alloantigen-reactive T, cellsis
an approach that increases the specificity of an autologous T, cell
product without genetic modification’ through ex vivo expansion
of recipient T, cells. This approach was tested in the ARTEMIS trial
in liver transplantation (NCT02474199)”° but the study was limited
owing to the dysfunction of T, cells in liver transplant recipients,
whichinsome patients prevented the generation of a sufficient number
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Fig.3|Increasing the frequency of T, cells as a therapeutic approach. a, One
method to increase the number of regulatory T (T,;) cellsin vivo is the injection
oflow-dose IL-2 or IL-2 muteins. b, Another method is adoptive transfer of

T, cells, whereby blood is collected, T, cells are purified and expanded ex vivo

and then the T, cells are infused back into the same patient. ¢, Approaches to
increase antigen-specific T, cells include selective expansion of T, cells with
theright antigen specificity or engineering T cell receptors (TCR) or chimeric
antigen receptors (CAR) that are specific for the target antigen.
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Fig. 4 | Pipeline for selecting target autoantigens for antigen-specific
therapy. The candidate T cell autoantigen can be identified by the elution of
peptides from HLA class 1and HLA class Il complexes that are isolated from

the tissue of interest followed by mass spectrometry peptide identification.
Alternatively, antibodies can be collected from serum or tissue and the auto-
antibody antigen targets identified using approaches such as antigen arrays

for antibody profiling. The next step is determining the specificity of the
autoreactive T cell. Autoreactive T cell specificities can be determined using an
activation-induced marker (AIM) assay where T cells responding to antigen are
identified by activation markers (such as CD154 and CD69) or through the use of
HLA peptide tetramers. Autoreactive T cell receptors (TCRs) are sequenced and
re-expressed to determine the specificity of autoreactive T cells. The restriction
ofthe TCRis then confirmed and the target autoantigen selected. scRNA-seq,
single-cell RNA sequencing.

of donor-alloantigen-reactive T, cells for adoptive transfer. Alter-
natively, the expression of A2-specific CAR T cells exemplifies the
approach of expressing an antigen receptor that confers specificity to
a T, cell product. There is an expanding body of literature that sup-
ports the development of this approach to provide specific tolerance
totheallograft; in2024 apreprint provided evidence that thisapproach
might promote long-termtissue-specific tolerance throughinfectious
tolerance, a process whereby tolerance is naturally passed between
lymphocyte populations®®.

In transplantation the target antigen is foreign (known as an
alloantigen), but insights from transplantation studies suggests that
targeting T, cells to autoantigens might be usefulin the treatment of
autoimmunity. Animalmodels have clearly demonstrated that T, cells
that target a tissue-specific antigen are able to protect and reverse
autoimmunity®*; T, cells that are specific to heat shock protein 70
suppress established proteoglycan-induced arthritis®. To that end,
current approaches use autologous cells, either natural T, cells or
conventional T cells, which are modified to have regulatory function
and express a CAR that is targeted to an antigen uniquely seen in the
target tissue®, a TCR with specificity for a relevant autoantigen® or,
alternatively, a CAR recognizing a specific MHC-peptide complex,
similar to a TCR¥. These approaches have followed the success of
CART cell therapy in cancer® and have become more feasible with the
advent of genome editing, which enables the modification of TCRs and
genesinvolvedin T cell function, commitment and stability®**~".

Selecting the antigen to target

An important consideration in the development of antigen-specific
therapies for autoimmunity is the antigenic target. In a small num-
ber of autoimmune diseases, the autoantigens that are targeted in
the disease are clear. Typically, these diseases have autoantibodies
directed atatissue antigen, suchas transglutaminasein coeliac disease,
thyroid-stimulating hormone receptor in Graves disease and thyroid
peroxidase in Hashimoto disease. In other autoimmune diseases, the
presence of autoantibodies against antigens found in the target tissue
suggest potential therapeutic targets, as is the case in TIDM whereby
the presence of numerous islet autoantibodies (such as anti-insulin,
anti-GAD, anti-protein phosphatase-like IA-2 and anti-zinc transporter
8 antibodies) indicates abroad reactivity to antigens found in -cells.
Autoantigens can also be more ubiquitous, as is the case for autoanti-
bodiesdirected to nuclear antigensin SLE, systemic sclerosis and der-
matomyositis. There is growing recognition that post-translationally
modified antigens are targets in autoimmunity, as best exemplified
by anti-citrullinated protein autoantibodies in RA. However, there
are some autoimmune diseases in which autoantibodies are not well
described. Additionally, there might be antigens and/or epitope spe-
cificities that promote improved induction of or protection by T, cells.
Asmethods of T, cellisolation at the single-cell level and the investiga-
tion of T, cell specificitiesimprove, the ideal peptide and antigens for
protection will become clearer.

The specificity of autoantibodies has been a helpful guide in
identifying T cell epitopes in autoimmune diseases as there are clear
examples of shared autoantigens and even epitopes between B cellsand
T cells>. However, not all T cell autoantigens and epitopes are shared
with autoantibodies, making the identification of T cell autoepitopes
an even greater challenge. In the case of T cell antigens, where the
goalisto delete, tolerize or use T, cells to actively suppress the auto-
reactive response, the epitope and MHC allele to which that epitope
is restricted must be elucidated. Although identification of T cell
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epitopes has been underway for years, and T cell epitopes are known
in some autoimmune diseases, there remains a substantial gap in the
knowledge surrounding T cell epitopes in many diseases. As aresult,
thereis considerable research effort focused on addressing this knowl-
edge gap with studies of disease-affected tissue to explore the specifi-
cities of T cells infiltrating the affected tissues and the application of
single-cell technologies, including tetramers®*®, activation-induced
marker assays” and single-cell RNA sequencing®®”’. These new tech-
nologies enableinvestigators to identify potentially pathogenic T cells
and confirm their specificity (Fig. 4). Moreover, studies identifying the
antigens presented on MHC molecules in the affected tissue through
mass spectrometry-based identification of MHC-associated peptides’®
arealso expanding the understanding of the antigens that might drive
disease. The field is well onits way to identifying the antigenic targets
in many diseases. Another factor to consider is when in the course of
disease anautoantigen willbe arelevanttarget. Atinitiation of a disease,
the autoimmune response could be targeted to a single antigen but
with time multiple antigens could become targets; this phenomenon,
referred to as epitope spreading, has been well described in mouse
models of autoimmunity, including arthritis models®. Thus, there
couldbe certain antigens that are dominant prior to disease onset when
prevention strategies are most fruitful, whereas other specificities
might be involved later in the disease course. Understanding which
antigen specificities to target on the basis of disease stage will be vital
as antigen-specific therapies develop.

Setting the stage for antigen-specific therapies

The context in which any therapy is given influences its efficacy; in
antigen-specific therapy context is particularly important, as the
immunological milieuinto which the antigen-specific therapyis given
could have a profound influence on therapeutic efficacy. For example,
the induction of anergy relies on a lack of co-stimulation which can
only be achieved in an immunologically quiescent state; approaches
that promote alterations in T cell lineage rely on signals from tolero-
geniccytokines that could be negated by those from pro-inflammatory
cytokines that are present in the local environment of patients with
active disease. Antigen-specific therapy might therefore require con-
trol of inflammation prior to or congruent with administration of the
antigen-specific therapy. In addition, T cell responses in individuals
with autoimmunity might be resistant to tolerogenic therapies; for
example, resistanceto T,., cell-mediated suppressionis well described
in human autoimmune diseases (such as TIDM'°°7%2 SLE'®, multiple
sclerosis'® and active RA'®), and autoantibody-producing plasma cells
persist despite current therapies that deplete B cells'*®. Once estab-
lished, tolerance might need to be boosted in order to be maintained
because of intrinsic defects in the immune response in individuals
with autoimmunity owing to underlying genetic factors linked to
development of autoimmunity. These genetic risk variants can lead
to altered responses to TCR activation, expression of co-stimulatory
signals or cytokine responses'”"'°, Timing of the administration of
antigen-specific therapiesin the context of disease courseisalsoimpor-
tant. Antigen-specific therapies could be more appropriate prior tothe
development of clinical disease, when there is limited inflammation
and at a time prior to epitope spreading when there might be fewer
autoantigens. The timing of therapy could also depend on the type of
treatment, the efficacy under different conditions and the associated
risks and costs of the therapy. Understanding the context in which an
antigen-specific therapy is given will be vital for its success; knowing
theimmune environment of the target tissue during disease will be key

and could require the introduction of therapies that can promote an
ideal milieuinto whichto apply an antigen-specific therapy toachieve
and maintain tolerance.

Conclusions

Antigen-specific approaches have shown success in animal models
of autoimmunity and now have shown promise in phase I and I clini-
cal trials of autoimmune diseases with larger trials underway using a
range of approaches to achieve the goal of antigen-specific tolerance.
Yet, challenges remain: the antigen or antigens targeted by the auto-
immune response need to be identified; treatment approaches need
to be tailored to the specificimmune pathology of the autoimmune
disease being treated; and off-target effects or promotion of autoim-
munity need to be avoided to ensure safety. Finally, antigen-specific
therapies need to be accessible and long-lasting. To meet these chal-
lenges, research to determine the underlying mechanisms that promote
autoimmune pathology must continue; investigators must harness
as much information as possible from clinical trials that are using
antigen-specific therapies to determine the modalities that are suc-
cessful and when in the course of disease to deliver these therapies.
Combined, these strategies will improve antigen-specific therapies
and accelerate progress with the goal of getting antigen-specific
therapiesinto theclinic and re-establishing tolerance in patients with
autoimmune diseases.

Published online: 16 December 2024
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Abstract

Sections

Health disparities in rheumatic disease are well established and urgently
need addressing. Obstacles to precision medicine equity span both

the clinical and the research domains, with afocus placed on structural
barriers limiting equitable health care access and inclusivity in research.
Less articulated factors include the use of inaccurate population
descriptors and the existence of research silos in rheumatology
research, which creates a knowledge gap that precludes addressing
the health disparities and fulfilling the goals of precision medicine to
understand the ‘full patient’. The biopsychosocial modelis aresearch
framework that intertwines layers of biological and environmental
effects tounderstand disease. However, very limited rheumatology
research bridges across molecular and epidemiological studies of
environmental exposures, such as physical and social determinants of
health. In this Review, we discuss clinical obstacles to health care equity,
including access to health care and the use of inaccurate language when
labelling population groups. We explore the goals and data needed for
research under the biopsychosocial model. We describe results from
arheumatic disease literature search that highlights the paucity of
studies investigating the molecular influences of systemic exposures.
We conclude with alist of considerations and recommendations to help
achieve equitable precision medicine.
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Key points

o Health disparities in rheumatic disease are well established and need
addressing urgently.

o Currently, epidemiological and biological research exists in silos,
which hampers our ability to elucidate the interplay and underlying
molecular mechanisms by which environmental exposures yield
biological changes.

e Poor diversity and inclusivity in research datasets, individual and
structural barriers in access to research and care, inaccurate use of
population descriptors, and research siloing limit equal and equitable
precision medicine and health.

e Embracing ecological frameworks such as the biopsychosocial
model will enable research that better accounts for the multi-faceted
factors contributing to rheumatic disease prevalence and progression.

e The continued development of omics technologies and emerging
large population-based registries offer great opportunities for
identifying and alleviating health disparities.

Introduction

The goal of precision medicine is to provide a more precise approach
to the prevention, diagnosis and treatment of disease’. To achieve this
goal, precision medicine must be equitable; that is, it must be fairly
applicable, available and accessible to all>. Unbiased and accessible
precisionmedicine can contribute to reducing avoidable and systemic
inequalities in health status, that s, it can contribute to health equity,
the state in which everyone has a fair and just opportunity to attain
their highest level of health®.

Disparitiesin prevalence, incidence, clinical and serological mani-
festations, and outcomes of rheumatic conditions and rheumatological
manifestations are well established, with some examples highlightedin
Box 1. These disparities are pronounced in under-represented popula-
tions, namely racial minority and ethnic groups, medically underserved
urban and rural communities, the uninsured and underinsured, older
adults, and those with lower education andincome*. Despite the dispro-
portionateimpact of many rheumatic diseases on these communities,
the causes of these disparities remain elusive. Identifying the factors
that promote disparities is a critical step towards equitable care and
precision medicine®”.

Developing successful precision medicine initiatives necessi-
tates addressing health disparities. Although precision medicine
is meant to focus on individual variability (such as genes, environ-
ment and lifestyle), these initiatives are predominantly informed by
population-level research®. The consequence is that if health dispari-
ties are not properly identified and addressed in research, precision
medicine is poised to worsen health disparities for groups already
disadvantaged by current practices and interventions®'°. Frameworks
for studying health disparities emphasize the need for ecological
models that consider biology and environment, including social
factors. In theory, this sounds akin to the needs of precision medi-
cine research but in reality there is substantial isolation of biological
research from epidemiological studies on environmental determinants
of health.

Despite the recognized influence that social and physical environ-
mental experiences have on rheumatic disease, it is not known how
these experiences and exposures interact with biology to influence
disease outcomes. To date, rheumatic disease research has largely
focused on biological mechanisms without inclusion of effects by
environmental exposures. Furthermore, genetic studies frequently
fail to acknowledge the fact that non-genetic factors are substantial
contributorsto the disparities. Inaddition, the persistent use of vague
and arbitrary categories of population differences continues to hamper
rigorous and reproducible research™. These issues have resulted in a
knowledge gap regarding the interactions between genetic and envi-
ronmental factors that contribute to disparities in disease outcomes.
We explored the extent of this knowledge gap in rheumatic diseases
by conducting a literature review of studies that intersected both
molecular biology and social determinants of health (SDOH), includ-
ing racism and discrimination. We identified a striking shortage of
literature spanning both molecular and epidemiological disciplines.
Further, we identified a strong bias in the amount of research focus-
ing on molecular biology in comparison with epidemiological SDOH.
This finding highlights the ‘siloing’ of research entities and the general
challenges (such as data availability and research infrastructure) in
implementing a true precision medicine paradigm that considers
the full biological and environmental experiences of a patient; this
phenomenon has been identified in other disease categories and has
been presented as a cause of hampered progress in alleviating health
disparities>®.

In this Review, we start by discussing clinical obstacles to health
care equity, including access to health care and the use of inaccurate
language when labelling population groups. We describe the biopsy-
chosocial model and necessary data towards studying health care
disparities, followed by a description of existing barriers in research,
focusing on limitationsinavailable data, research silos and the subse-
quent knowledge gap created in rheumatic disease studies. We then
propose solutions and considerations, working towards abetter under-
standing of the biology of rheumatic disease in the context of health
disparities. Addressing this knowledge gap is expected to improve
precision medicine diagnostics and therapeutics for underserved
patients, thus working towards amore equitable paradigmin research
and clinical practice.

Disparities in health care access

In addition to disparities in disease susceptibility, prevalence and
incidence, another source of health disparities occurs in the health
care setting. Health care disparities can manifest in different capaci-
ties, leading to delayed or deficient patient care and education and
poor patient outcomes. Travel distance to receive specialized care is
often a deterrent and a major source of delayed patient care. When
examining patientsin the Medicaid beneficiary cohort (agovernment
healthinsurance programthat provides health care to some of the most
vulnerable populations in the USA), poor access to specialized care
for patients with systemic lupus erythematosus (SLE) occurred more
oftenin those enrolled in Medicaid than in those with other health
insurance'. Patients only enrolled in Medicaid travelled 11.5 more miles
than those with additional or other health insurance and on average
more than 19.8 miles to see arheumatologist”. Consequently, patients
need to use the emergency department notonly for acute care but also
astheir primary source of medication prescriptions™. In patients with
rheumatoid arthritis (RA) in the Canadian universal public health care
system, those who lived >100 km from arheumatologist were 50% less
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likely to be seen by arheumatologist within 3 months of a suspected RA
diagnosis by a primary care physician and had decreased continuity
of care within the first year of diagnosis'®, both of which areimportant
for early initiation of therapy to prevent disability and damage. As a
result of these delays, patients have an accumulation of joint damage
requiring surgeries”. Not only is access to specialized clinical care and
medications a source of unequal outcomes but it also contributes to
adeficiency in patient education, specifically in addressing disease
comorbidities, which further promotes health disparities.

Thesestructural barriers to health care access are also deterrents to
theachievement of the goals of precision medicine. Access to health care
isnotguaranteedin many countries. Acomparison of health care models
in the USA, Austria and Denmark showed that the effects of precision
medicine depend on the structure of the local health care system; in con-
trast to the Austrian and Danish health care systems, the USA for-profit
andinsurance-based structureincreasestherisk that precisionmedicine
will exacerbate existing health disparities and structural injustice’®2°.
Inaddition to health care coverage, the current high costs of precision
medicine therapies also preclude equity by excluding those who cannot
access them. Changes are needed to prevent health care structures and
pharmaceutical business models from supporting existing structural
injustices and destabilizing egalitarian health policies™. Such changes
includerevisiting, monitoring, and regulating drug pricing models, to
encompass the values of social equity and solidarity™®.

Describing population groups
Low representation in clinical trials and genomic studies is known to
be perpetuated by multiple factors, including geographical distance,
mistrust of the health care system, language barriers and fear of encoun-
tering implicit bias and stereotyping during care. Under-represented
communities are often at a greater risk of poor health outcomes?.
The confusion about population descriptors and lack of rigorous lan-
guage when describing population categories continue to stigmatize
many communities. Addressing individual biases and using clear and
respectful population labels are paramount to realizing the promise
of precision medicine®.

Many studies, especially in the USA, describe the epidemiol-
ogy of rheumatic disease in terms of socially defined, discrete racial

Box 1| Examples of known health
disparities in rheumatic diseases

Overview of some documented differences in prevalence,
incidence and severity across ten rheumatic diseases emphasizes
the necessity of addressing these issues in research.
¢ Higher prevalence in African Americans: gout®, knee
osteoarthritis®®, rheumatoid arthritis'°, sarcoidosis®™'*', systemic
lupus erythematosus'? and systemic sclerosis™.
¢ Higher prevalence in Mediterranean countries, the Middle East,
and Southeast Asia: Behcet's disease'*.
Higher prevalence among European Americans: psoriatic
arthritis'“.
e Higher prevalence among non-European populations: Sjogren’s
syndrome'*>'4®,
o Worse severity of disease for patients with lower socioeconomic
status and/or countries with lower GDP: ankylosing

spondylitis'***?, psoriatic arthritis™*°.

categories. Similarly, health disparities research traditionally focuses
on self-reported race. However, this methodology poses challenges
and limitations. First, race and ethnicity are imperfect proxies for
important epidemiological information, including SDOH, such as
racismand discrimination, economic stability, health care access and
quality, education access, and physical and/or built environmental
exposures®. These social and physical environmental determinants
are differentially experienced across racial and ethnic groups owing
to historical and contemporary discriminatory policies and practices,
resulting in health disparities across groups and geography. Hence,
itisnotrace and ethnicity, but the lifetime of exposures, that contrib-
utes to health disparities. Consequently, discrete racial categories
areunable to appropriately capture the variability of risks one person
mightbe exposed toin their lifetime. As such, limiting health dispari-
ties research to racial categories can impose harm through ascribing
risk to arbitrary groupings of heterogenous individuals while also
obscuring the causal exposures facilitating risk**. Another weakness
of limiting research to racial categories is that many identities inter-
sect, and thus, risk factors mightimpose differential or compounded
effects. For instance, although increased socioeconomic status (SES)
is protective, increased exposure to discrimination has the potential
to offset these benefits* . In addition, the concept of race is dynamic
and changes over time in the wake of administrative decisions and
cultural shifts; for example, the list of racial groups on the US Census
has changed nearly every decade since the first enumeration in 1790
(ref. 28).Raceis also acomplex population descriptor becauseit canbe
interpreted and measured in many ways (for example, racial identity,
racial self-classification, observed race, reflected race)”. Although
it may be a useful population descriptor for researchers who wish
to measure a consequential form of social status and affiliation, the
concept of discrete populations that are static in place and time does
not apply to humans.

Anotherissueisthe frequent conflation between race and genetic
similarity groups?, often referred to as genetic ancestry groups.
Genetic ancestry is a statistical estimate inferred from measures of
genetic similarity across individuals using available data, thus without
any relationship to the concept ofrace. The epidemiological literature
reveals rheumatic disease disparities based on ascribed race, and as
discussed below, the genetics literature has found rheumatic disease
disparities based on genetically inferred groups. However, equating
these populationdescriptorsisafallacy, asraceisanimperfect proxy
for SDOH, and the other captures geneticrisk factors. Altogether, this
issue highlights the necessity of amulti-faceted approach to studying
health disparities, one that includes both genetic and non-genetic,
individual-level and population-level stressors and exposures®°.
Moving forward, it is critical for researchers to utilize accurate and
appropriate population descriptions, such as those described by the
National Academies of Science, Engineering, and Medicine’® and by
Feeroetal.”

The biopsychosocial model

The biopsychosocial model was proposed in response to the reduc-
tionist paradigm of viewing diseases through a strict ‘biomedicine’
lens. Instead of viewing the full scope of phenotype and symptoms
as explainable by molecular processes (biomedicine model), the
biopsychosocial model asserts that health and disease result from
an interplay between biological, psychological and social factors™
(Fig. 1a). The biopsychosocial model emphasizes the importance of
integrating different domains (such as biological, behavioural, physical
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Fig.1| The biopsychosocial model and domains of environmental
determinants of health. a, The biopsychosocial model comprises biological,
psychological and social factors; extensions of this model into an ecological
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connections and
participation

modelinclude other environmental factors. fSources of social determinants of
health. b, Primary domains and subdomains of environmental determinants
of health.

and/or built, sociocultural, health care system) and levels (for exam-
ple, individual, family, community, society). In the context of health
disparities, this conceptual framework posits that individuals who
perceive certain circumstances as stressful experience a physiologi-
cal stress response that can be modulated by adverse or protective
sociodemographicfactors (such as SES), psychological characteristics
(forexample, depression), behavioural factors (smoking, alcohol use),
and copingresponses (for example, ability to mobilize social support)
tosuch experiences®**. Expansions of this model also include physical
environmental exposures (for example, air and water quality)**. Such
environmental exposures can enact effects independent of individual
perception and/or awareness and canbe disproportionately distributed
among neighbourhoods and by geographic region®°.

Successful implementation of the biopsychosocial model
requires availability of appropriate data, measurements, and instru-
ments for the multiple domains contributing towards health dis-
parities (Fig. 1b). Physical environmental exposures are increasingly
available at varying geographic granularity. For example, studies
of air quality, ranging from local or regional measures® to national
measures®®, highlight the increased prevalence of detrimental envi-
ronmental exposures among minority and low-income populations.
Broadly, environmental factors or determinants to health are usually

classified into biological, chemical, physical and social environments.
As defined by the WHO, other SDOH include economic security and
equality, health behaviours and health care resources®*°, There
are many indicators for capturing environmental determinants of
health; methodologically, these can be measured via self-reporting
(for example, surveys) and/or aggregated data from population
statistics with varying granularity**>. Given the broad domains of
environmental determinants of health, itis critical to recognize that
any single indicator will be unable to capture the full complexity of
anindividual’s environmental determinants of health, including
SDOH. For instance, subjective social status instruments in which
participants rank their circumstances (such as, income) relative to
others in their community (for example, social ladders), have been
found to capture perceived well-being*’, and thus might capture
aspectssuch as perceived discrimination and social stress, whereas
multiple deprivation measures might be better suited to capturing
material and/or resource-based socioeconomic factors. Given the
intersectionality of identities, and thus experiences and exposures,
SDOH measures that are multi-faceted (including more than one
indicator) and multi-level (that is, individual, community) are more
likely to appropriately capture the complexity of these effects*****,
In rheumatic diseases, data from each of these broad categories

Nature Reviews Rheumatology | Volume 21| February 2025 | 98-110

101


http://www.nature.com/nrrheum

Review article

(biological, SDOH) are abundantly available. However, these fields
arerarely intertwined to investigate disease outcomes under an eco-
logical, combined molecular and SDOH model, severely hindering
progress in health disparities research.

Epidemiological research silo

Decades of epidemiological research of health disparities in rheumatic
diseases have highlighted the existence of systemic issues that drive
poor outcomes for patients fromunder-represented and underserved
communities (Table 1). For example, multiple social stressors, such as
low household income, poverty, unemployment and racial discrimi-
nation, are associated with increased risk and severity of SLE***” and
RA**, A marked socioeconomic gradient was reported for these dis-
eases, with individuals in the most deprived group being up to 70%
morelikely to develop the disease than the least deprived group*’. Low
income was associated with greater odds of osteoarthritis*° and gout™,
and worse outcomes for systemic sclerosis (SSc)*> and sarcoidosis®***.
Social deprivation and social vulnerability were associated with osteo-
arthritis, RA, ankylosing spondylitis, sarcoidosis, and SS¢*****°. In coun-
tries with lower GDP, patients with psoriatic arthritis had higher levels
of disease activity and more patient-reported impact of disease”’. Also,
women, in particular women of understudied and under-represented
populations, are disproportionately affected by rheumatic disease;

Table 1| Effect of environmental factors on rheumatic diseases

Environmental Rheumatic disease  Epidemiological conclusions

factors

Negative outcomes

Low household SLE and RA Increased disease risk and
income, poverty, severity“®°
unemployment

Aoy Gout and OA Greater odds of developing

disease™”'

52-54

SSc and sarcoidosis  Worse outcomes

Diet (purine rich) Gout Increased chance of
experiencing flares'’

Social deprivation OA, Ra, ASp, Associated with rheumatic

and social sarcoidosis and SSc  disease development®*°>°°

vulnerability

Air quality and RA Worse disease activity and

68-70

particulate exposures drug response

128-131

Cigarette smoking SLE Worse disease activity

RA Increased risk of developing
disease'

Positive outcomes

Social support, SLE Decreased depression and
improved life anxiety®°%?
satisfaction

RA Improved depression, anxiety

63-65

and quality of life

Exiting poverty SLE Decreased disease damage®
Social support and SSc Improved life satisfaction®®
spiritual well being

Diet (Mediterranean) ~ SLE, RA Improved disease activity'**'**
Physical activity SLE, gout, RA Improved disease activity'*'*

ASp, ankylosing spondylitis; OA, osteoarthritis; RA, rheumatoid arthritis; SLE, systemic lupus
erythematosus; SSc, systemic sclerosis.

and women, especially African American women, disproportionally
experience psychosocial stressors™.

Despite stressors co-existing in areas of concentrated poverty and
with other environmental factors, protective factors might buffer the
negative impacts of stressors®. For example, social support decreased
depression and anxiety in African American women with SLE*"%?, per-
ceived social supportimproved depression, anxiety and quality of life
in patients with RA®*"*, and social support and spiritual well-being were
associated with life satisfaction in patients with SSc®. Additionally,
alleviation of stressors caninfluence disease. For instance, for patients
with SLE, exiting poverty can mitigate the strong effect of livingin con-
centrated poverty on disease damage®’. Most epidemiological research
has focused on the identification of risk factors, but understanding
the mechanisms and extent to which protective factors can offset risk
factorsis essential to address health inequities (Table 1).

Although critical, the historical focus on epidemiological issues
in rheumatic disparities research has sustained an epidemiological
researchsilo (Fig. 2and Supplementary Table 1, Supplementary Fig.1)
throughits failure to intertwine molecular and biological effects. That
is, the molecular and physiological mechanisms through which social
and physical and/or built environment exposures affect disparities
are unknown. For example, air quality and particulate exposures have
beenassociated with disease activity and drug response in rheumatic
diseases®®’?, but the biological mechanisms require more explo-
ration. Similarly, epigenetic marks affect gene expression and can
govern cell function and physiological response to environmental
factors, including SDOH such as SES”"?and general perceived stress’.
Yet, despite the growing awareness of the effect of social stressors
on the epigenome, research aimed at identifying and quantifying
the regulatory mechanisms through which social exposures influ-
ence rheumatic outcomes is only just emerging’*. Understanding the
interplay and underlying mechanisms by which various positive and
negative determinants of health influence epigenomic variation,
and how the resulting biological changes might contribute to rheu-
matic health disparities, will enable biomedical research to directly
address outcome disparities.

Biological research ssilo

Large-scale studiesinto the biological aetiology of rheumatic diseases
most commonly focus on genetic variation associated with disease.
Thisline of research hasbeen productive and important. Genome-wide
association studies (GWAS) have identified hundreds of genomic loci
associated with rheumatic diseases, providing importantinsightsinto
the biological pathways contributing towards disease. Given the poten-
tialtofacilitate disease diagnosis, support risk prediction, improve cost
and efficiency of trials, and accelerate personalized care, results from
these GWAS have been used to construct genetic risk scores (GRS)™7°.
Given that many of theserisk factors have been reported to vary among
populations (for example, along geographic gradients), genetic varia-
tion has been proposed asa partial contributor towards disparities’’,
In fact, the 2006-2009 strategic plan of the US National Institute of
Arthritis and Musculoskeletal and Skin Diseases prioritized the identifi-
cationof genetic contributions to health disparities, citing as arationale
that rheumatological conditions, including SSc, SLE and osteoarthri-
tis, cluster in populations targeted by health disparities initiatives”.
However, to date, few geneticrisk factors for rheumatic diseases have
beenlinked to health disparities, whichis due, in part, to limitations of
genetic data, current dataavailability and the general siloing of genetic
research from pertinent environmental and exposure data.
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Fig. 2|Siloing of researchin rheumatic diseases. Percentages of biological
research, social determinants of health (SDOH) research and intersecting research
were calculated based on a PubMed literature search. Percentages are visualized
asrates of publishing per 500 papers. Icons are coloured according to research
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category and are rounded to the nearest quarter. Manuscripts spanning
biological and SDOH topics account for <1% of publications across each of the
evaluated diseases (see Supplementary Table 1and Supplementary Fig.1for
PubMed search criteria). SLE, systemic lupus erythematosus.

First, itis crucial tounderstand the general limitations of genetic
data, especially in the context of health disparities research. Ingenetic
studies, individuals are categorized into groups on the basis of
genetic similarity to genomic reference groups, such as the 1000
Genomes Project populations®®. Importantly, however, these geneti-
cally assigned categories, often labelled continental ‘ancestry’ groups,
arenotequivalent to self-identified and socially defined categories of
race and ethnicity®*2. Thus, risk allele differences among these geneti-
cally defined groups cannot be equated to explaining observed racial
health disparities. Furthermore, mapping differences in genetic risk
variants among populations requires careful interpretation. Genetic
studies disproportionately comprise European-ancestry populations.
Evenstudiesincluding under-represented populations are often more
limited in total sample size. Hence, comparison and portability of
identified risk variants should always be considered in the context
of potential differences in statistical power®**. Another complicat-
ing factor is linkage disequilibrium, which refers to the tendency of
linked alleles to be co-inherited. Most GWAS-reported associations
are not causal variants, but instead, ‘tagging’ variants that are highly

correlated with the functional variant. Linkage disequilibrium varies
by geographically or ancestrally distinct populations. Thus, a genetic
association (tagging the causal variant) in one population might not
reproduce in another. In studies comprising samples from multiple
distinct study populations, linkage disequilibrium can be a powerful
fine-mappingtool, asillustrated by SLE studies® . Unfortunately, the
availability of large, multi-population cohorts remains limited for most
rheumatic diseases. The consequence is that, to date, GRS are built
uponassociated, tagging variants, which frequently show poor predict-
ability in diverse populations®. Thus, as they are currently built, these
genetic predictiontools do not equally benefit all patients (particularly
patients from populations not used to build these tools), precluding
health equity in precision medicine®. A potential solution is to move
towards GRS that are built upon causal versus tagging variants, which
requires extensive functional studies to disentangle linkage disequilib-
riumin associated regions. As reviewed elsewhere®, ongoing research
aimed at unveiling the aetiology of rheumatic diseases includes indi-
vidual molecular profiling, incorporating genetic risk, cell-specific
transcriptional signatures, epigenomics, mass spectrometry, tissue
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and in vitro molecular signatures, and environmental factors. How-
ever, the majority of current molecular omics research still focuses on
individuals with two copies of chromosome X and of genetic European
ancestry®’, and so the results from this progress are not necessarily
translatable or applicable to diverse groups.

The second challenge of applying genetics data to health dispari-
ties research is that it must be studied within the context of complex
disease aetiology, and not in isolation from influencing environmen-
tal and gene-environment factors. Importantly, inherited genetic
variants, which are fixed within the genome, do not directly capture
alterations imposed by environmental and gene-environment factors.
Inclusion of additional omics such as transcriptomics (RNA level),
proteomics (protein level) and/or epigenomics (for example, cytosine
methylation) offers the potential to capture biological changes caused
by stress attributable to systemic racism, diet or other lifestyle factors
or exposures that more often affect underprivileged patients. Hence,
applying genetics and/or omics knowledge also requires comprehen-
sive and high-quality environmental data to control for environmen-
tal confounding, to identify gene-environment associations, and to
identify the molecular mechanisms through which environmental
exposures affect disease outcomes’®”'. Genes and environmental expo-
sures are inherited together; individuals with more genetic similarity,
such as families or groups from the same region, are also exposed to
more environmental similarity?®’'. Yet, despite this shared environ-
ment, molecular research often negates these factors from studies,
contributingto the siloing of biological research. For example, areview
of sarcoidosis prevalence emphasized that most family studies focus
solely on genetics, without leveraging the opportunity to explore
shared environment effects”.

Epigenetic studies are well poised to elucidate the relationships
between genetics, biology and environmental exposures. Epigenome-
wide association studies (EWAS) have identified cell-type-specific DNA
methylation changes associated with multiple rheumatic diseases’.
As reviewed, although DNA methylation varies among population
groups, and this variationis partially explained by their distinct genetic
ancestry, environmental factors not captured by genetic ancestry are
important contributors to variationin DNA methylation. This fact sup-
ports the notion that an interaction between environmental, genetic
and epigenetic factors underlies health disparities in rheumatic con-
ditions. Mounting evidence suggests that environmental exposures
influence epigenetic modifications and trigger alterations in multiple
regulatory mechanisms thatinteract to create asystemic response”*.
For example, air pollution exposure downregulates hsa-miR-137, which
leads to a pro-inflammatory state that contributes to the pathogenesis
of RA”.Inrheumatic diseases, EWAS have largely focused on epigenetic
associations with disease, without incorporation of environmental
factors linked to determinants of health.

Our review of the literature shows a considerable biasin the num-
ber of studies onbiological outcomes compared with epidemiological,
SDOH research (Supplementary Table 1). On average, the amount of
published biological researchwas106:1 compared with SDOH research
across tenrheumatic diseases (range: 35-271times). As explored below
(inThe knowledge gap from researchssilos), overlap between biological
and SDOH research is minimal (<1% for each of the rheumatic diseases
explored) (Fig.2). Despite the accepted influence of environmental fac-
tors on cell processes, including the role of stress in inflammation®*”’
and diseases such as SLE, RA and Sjogren’s syndrome®, exploration
of the biological mechanisms that these exposures enact within the
context of health disparities research is limited.

The knowledge gap from research silos

Inourreview of ten major rheumatic diseases, we identified 71 unique
manuscripts that spanned both molecular biology and SDOH topicsin
the manuscript (Supplementary Table 2). The majority (60.5%) of the
71 manuscripts were classified as reviews, perspectives or protocol
papers (Supplementary Fig. 2). Of manuscripts classified as original
research, most were genetic studies stratified by race or that adjusted
for SDOH in their analytic models. Notably, none reported on the mech-
anistic links between SDOH and molecular biology outcomes. We recog-
nize that some biologically centred studies thatincluded factors such
asincome or poverty, but not specific terms such as SDOH or SES, might
have been excluded fromour search. However, we note that including
suchfactorsin the absence of common SDOH or SES identifiers fails to
acknowledge their context within a biopsychosocial model and their
potential relevance to health disparities. Hence, we limited our intersec-
tionsearchto those that explicitly denoted health disparities, racism,
SES and/or SDOH inthe manuscript. Altogether, the scarcity of articles
identified emphasizes the current knowledge gap of biological-SDOH
mechanisms within rheumatic diseases.

After reviews and commentaries, the majority of identified rheu-
matological research that included biological and epidemiological
factures could be classified as genetic risk studies that adjusted for
SDOH, primarily using measures of SES. Of note, Cui et al. studied risk
prediction for incident SLEamong womenin the Nurse’s health study
cohorts and found that prediction models that included genetics,
family history and lifestyle (including income and US geographic
region) yielded better performance than models built solely on
genetics”. This finding highlights the value of incorporating vari-
ablesbeyond biology in prediction models. Other studies focused on
assessing genetic risk while adjusting for an SES factor, including single
variables (for example, income and education level), social ladders
and indices of multiple deprivation. Although multiple deprivation
indices and social ladder surveys are more multi-faceted than single
variables, we note that these are not without limitations*°° and can-
notbe considered to fully capture the complexity of SDOH. That s, the
absence of SDOH effectsin abiological model should not be concluded
when only alimited measure (such as income) was considered. In our
search, weidentified several examples in which potential influences of
SDOH were downplayed because genetic associations remained after
adjustment for single-faceted SDOH variables, further illustrating the
siloing of SDOH and molecular research.

Breaking research silos

The results of this literature search highlight the need for growth
inthe field. Here, we outline some key considerations and potential
solutions towards enabling biopsychosocial research in rheumatic
diseases and offering paths towards identifying and alleviating health
disparities (Box 2).

Structural barriers

Sofar,and across disciplines, addressing equity in precision medicine
hasfocused onincreasinginclusivity inresearch. Two leading precision
medicineinitiatives, the All of Us research program (USA) and Genomics
England (UK), placed diversity and inclusion at the core of their efforts
to promote equity. However, as argued by Galasso'”", efforts atinclusion
upstream (by removingbarriers to participationin research) donot cor-
respond with efforts for inclusion downstream (by facilitating access
to the benefits deriving from precision medicine), and thisimbalance
jeopardizes the equitable goals of the programmes. For example, to

Nature Reviews Rheumatology | Volume 21| February 2025 | 98-110

104


http://www.nature.com/nrrheum

Review article

Box 2 | Addressing obstacles to precision medicine equity

To achieve equity in precision medicine, the research silos, social and
structural barriers in access to research, care, behavioural or lifestyle
options, and biomedical benefits must be addressed. The priorities
with which to address these barriers include the following:

Structural issues

e Address delayed access to specialized clinical care

e Improve access to medical therapy and benefits from precision
medicine (e.g. owing to health care coverage, or medication costs)
Reform health care structures and pharmaceutical business
models (e.g. drug-pricing models)
Remove legal barriers (e.g. inadequate privacy and anti-
discrimination protections for research participants, lack of
health coverage and funding for follow-up care, failure to use
law to ensure access to genomic medicine, and practices by
research sponsors that tolerate and entrench disparities)
Address the impacts of structural drivers of health, including
racism
Use knowledge to inform and incentivize sociopolitical reforms
to reduce social inequalities and inequities
Remove barriers to participation in research (e.g. geographical
distance, mistrust of the health care system, language barriers)
to increase inclusivity in research
Consider precision medicine in a socioecological model, including
environmental and structural factors that are beyond the individual's
control

Diversity in backgrounds and expertise
e Foster collaborations in team science, utilizing international
collaboration
e Support collaborations between biological and epidemiological
scientists, academics and clinicians, and partnerships with
institutions, community groups and patients

address the objective upstream barriers (such as time, technological
literacy, language fluency) and subjective upstream barriers to par-
ticipation (including mistrust, fear and stigma), All of Usimplemented
acomprehensive series of strategies to facilitate inclusive participa-
tion by addressing communities’ mistrust, mobility, language and
tech-literacy barriers'®?, such asincluding educational content in sev-
eral languages, assistance via telephone, arranging home visits and
providing dedicated informative material prepared in collaboration
with community members. Legal barriers, such asinadequate privacy
and anti-discrimination protections for research participants, and
practices by research sponsors that tolerate and entrench disparities,
also limit diversity and inclusion in genomic research'®,

Despite efforts on inclusion upstream, downstream inclusion
has remained challenging. Structural barriers preventing the afford-
ability and availability of precision medicine outputs are the chief
downstream obstacle, most notably poverty. Access to biomedical
benefits are constrained by the costs of private structures and by the
long waiting lists and under-resourcing of publicly funded health
care'”. For example, the costs of CAR-T therapies make them unavail-
abletoindividuals or countries who cannot afford them. Legal barriers

e Encourage commitment from biotechnology and pharma
industries, health care systems and governments

o Include policymakers and legal experts to address legal barriers

e Address the conditions that structure power within research teams

Diversity in data resources

o Address the structural issues that foster the under-representation
of some populations in basic and clinical research

o Improve diversity in population-based cohorts with validated
diagnoses, clinical, exposure/environmental and omics data

o Support efforts to collect granular sociocultural and physical
longitudinal exposures data and develop approaches to analysing
their effects on molecular responses

Infrastructure for research development
o Use multi-faceted frameworks for studying health disparities
that include data for the multiple domains that contribute towards
health disparities
e Adjust funding priorities

Disseminating research responsibly

e Engage in training to become aware of the ethical, legal and social
implications of research and health disparities

o Assess and address individual biases

o Incorporate equity-related concerns is research and care

o Use clear, rigorous and respectful population labels that move
away from crude and oversimplistic, discrete racial categories
to describe exposures such as environmental determinants
of health

o Acknowledge limitations of findings, such as explicit definitions
of what environmental and/or social factors might not have been
captured

can also limit the implementation of equitable precision medicine,
includinglack of health coverage and funding for follow-up care, and
failure to use law to ensure access to genomic medicine'®?. Structural
factors canalso prevent behavioural or lifestyle changes. Because the
rheumatology community is acutely aware that health disparities and
lifestyle choices negatively impact disease outcomes, our discipline
is uniquely positioned to advocate for positive, broad change. How-
ever, owing to the mistrust that exists towards the health care and
research communities, academic professionals need to formrelation-
ships with trusted community members who understand the needs
of patients and can influence their lifestyle choices, thereby creating
lasting change. Consequently, the formation of community-academic
partnershipsis asolution that helps engage the community in medical
care, education and research, while highlighting the social resources
needed for a holistic approach to patient care'®*. These partnerships
arealso positioned to examine the effect of specific SDOH in rheumatic
diseases within acommunity'®,

Anotherissueisthe current focus onindividualized risk scores and
preventive strategies at the cost of structural drivers of health, includ-
ing racism, and prevention of disease. This focus on the individual
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might increase responsibilization and stigmatization of individuals,
while neglecting how health outcomes are inseparable from envi-
ronmental and structural factors beyond the individual’s control®.
This issue is particularly relevant in societies in which historical and
contemporary discrimination not only cause health disparities but
continuously prohibit opportunities for lifestyle changes for those
at highest risk owing to a lack of basic resources and environmental
opportunities for making healthier choices'®. Recommendations can
guide researchers on how to address the impacts of structural driv-
ers of health, including racism, at all stages of the research process’.
Precision medicine can catalyse knowledge and attention to inform
andincentivize sociopolitical reforms to reduce social inequalities and
inequities'". Specifically, All of Us and Genomics England can generate
importantinformation on social and environmental determinants of
health, which might not be actionable for research participants, but
would be actionable for institutions and policy makers'’. This is the
goal of precision public health.

Multidisciplinary teams
Diversity in backgrounds and expertise is crucial to break the current
research silos and address health disparities in precision medicine.
Transdisciplinary collaboration is also needed between biological
and epidemiological scientists, academics and clinicians, and partner-
ships with institutions, community groups and patients that represent
diverse perspectives. Diverse and transdisciplinary teams are needed
atallstages, fromstudy design (what biologicaland SDOH measures to
collect, what communities to include), to action (how to analyse and
interpret results), writing and dissemination of results (how to com-
municate results to benefitinstead of discriminate against vulnerable
groups), and implementation of strategies to mitigate health dispari-
ties. Astudy focused on precision medicine research teams found the
following points: one, existing hierarchies and power structures in
theresearch ecosystem compound challenges for equitable diversifi-
cation of teams; two, tokenism and instrumental diversity (to advance
corporate interests) jeopardize goals to diversify research teams
and risk merely transient and superficial diversification; and three,
the siloing of the expertise of under-represented team members to
frontline and diversity-only activities might perpetuate a turnstile
effect, in which these team members move from study to study later-
ally, or altogether leave the field because of the lack of advancement
opportunities'’®. Without considering the power structure within
research teams, tokenism can be misrecognized as inclusion'®.
Furthermore, to address health disparitiesin precision medicine,
commitment from biotechnology and pharmaindustries, health care
systems, and governments is also needed®. The inclusion of legal
experts is needed to address legal barriers that limit broad inclusion
in genomic research and the development of precision medicine to
advance health equity'®. Policymakers are essential to assess and
address the effects of the sociopolitical, economic and structural
contexts of health care implementation'®. Without concerted public
health action, health disparities could widen in the next decade®.

Diversity in dataresources

Identifying and addressing health disparities in rheumatic diseases
requires greater sample diversity in datasets'””. There has been agrow-
ing push to make GWAS analyses more equitable through sample diver-
sity and using genotyping platforms better suited to capturing global
variation. One such example is the MEGAchip, which is a consortium
effort that developed a genotyping array to better capture genetic

diversity across global populations®**'°®, For sequencing studies,
reference genomes have been developed that are more appropriate for
capturing rare sequencing variants in diverse populations'*"°, Impor-
tantly, diversity inbiological datais alsoneeded beyond studies strictly
identifying genetic risk variants. As described above, it is essential to
pinpoint the functional variants contributing to disease, requiring
extensive functional annotations and tissue-specific data. Repositories
used for these goals have not been representative of global diversity.
Long et al. explored this issue among datasets used to link genetic
variants to gene expression (expression quantitative trait loci) and
found that three major resources overwhelmingly comprised European
ancestry samples (82-95% of samples)'’. The lack of diversity in large
datasetsis even more apparent for cohorts containing environmental
and lifestyle data, particularly for rheumatic diseases. For example,
the US National Institutes of Health-funded Polygenic Risk Methods
in Diverse Populations Consortium pools genomic and phenotypic
information from diverse populations?. However, at present, the
phenotypic and environmental data are limited.

The paucity of large and diverse population-based cohorts with
validated diagnoses has been a substantial barrier to better under-
standing the true clinical burden of disease, as well as the many unan-
swered questionsrelated to treatment, health care access, and natural
history™. The Environmental Influences in Child Health Outcomes,
AllOfUs™, and Genomics England programmes were created to miti-
gate against these disparities'. However, given that these programmes
reflect broad (non-disease-focused) recruitment efforts, sufficient
numbers for conducting studies in rheumatic diseases remains chal-
lenging. Efforts to include communities with worse and better out-
comes willbeimportant, to fully understand the interplay among risk
factors. Researchers collecting biological samples should make efforts
to collect granular sociocultural and environmental data, moving
beyond the scope of the limited racial and ethnic categories currently
used by the US Office of Management and Budget.

As previously described, many instruments can be used to
capture various aspects of SDOH. Although we advocate for using
multi-dimensional tools that capture both materials and/or resources
(forexample, income) and exposures (such as stress, environment), the
feasibility might vary by study. For any instrument used, it is critical
to be cognizant of and report limitations of the study (for example,
factors not captured by the data). Electronic health record (EHR) data
might provide a promising venue to facilitate SDOH data collection;
however, logistical challenges, such asinfrastructure and consensus of
standards, might affect the speed ofimplementation™®. The EU-funded
SPIDeRR consortium (Stratification of Patients using advanced Integra-
tive modelling of Data Routinely acquired for diagnosing Rheumatic
complaints) is aimed at leveraging EHR data from seven countries to
streamline early diagnosis of rheumatic diseases. In addition to using
GRS for disease differentiation, SPIDeRR is also aimed at investigating
the interplay between genetics and the environment”.

Infrastructure for research development

Patients with rheumatic diseases require a transformation in both
patient care and researchinfrastructure to address current and future
health disparities. As the benefits of collaborations inteam science are
increasingly recognized, utilizing international collaborations is an
additional method to diversify patient recruitment to investigate and
minimize disparities inrheumatic disease. For example, in China, a clini-
caltrialfocused on multidisciplinary care for patients with SLE showed
asubstantial declinein disease activity intheinterventiongroup and an
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improvement of health quality'’. A subsequent study reviewed the pros

and cons of this approach, specifically in the care of patients with lupus
nephritis"®, Another example is the Sjégren’s International Collabora-
tive Clinical Alliance, which was created to expand the infrastructure
forengagementand tobe used as aresearch tool to better understand
the pathogenesis of Sjogren’s disease. Several publications to date
have used this collaboration as the basis for manuscripts, including
investigating associations between clinical disease manifestations
and autoantibody profiles". This international collaborative approach
broadens not only the number of potential patients but also invites the
participation of diverse researchers, which will enlarge the range of
research topics and ideas to address research disparities.

Building multidisciplinary teams and more robust dataresources
willrequiresignificantinfrastructure. Previousinquiries on the slowed
progress and siloing of health equity research identified funding as a
meaningful influence on multidisciplinary work'>*'?, That is, funding
mechanisms and priorities have the potential to facilitate the bridg-
ing or sub-division of disciplines. Although historic commitments
have been made towards health disparities research, including the
US Healthy People 2010 programme (funded in 2000) and the afore-
mentioned 2006-2009 strategic plan of the US National Institute of
Arthritis and Musculoskeletal and Skin Diseases, we posit that these
wereinadvertently, largely, siloing infrastructures — the former focus-
ing on epidemiologicalinitiatives and the latter prioritizing theidenti-
fication of genetic contributions to health disparities. Opportunely,
in2023, the US National Institutes of Health began funding projects to
design, develop and implement an Exposome in Autoimmune Diseases
Collaborating Teams (EXACT) Network'?. Its goal is to enable institu-
tions to planresearch strategies and develop partnerships, infrastruc-
ture and capabilities. The EXACT initiative is envisioned as a multisite,
collaborative network that willadopt ateam science approach to pro-
duce a systems-level understanding of the role of the exposome in
autoimmune diseases. Focused investment is needed for similar pro-
jectsand programmes that will combine clinical and analytical teams to
collectandintegrate clinical, omics and exposure datato enable analy-
ses focused on elucidating how specific exposures govern biological
responsesin patients with rheumatic diseases. Longitudinal follow-up
and collection of biospecimens is also challenging™’; to address this
limitation, the US Centers for Disease Control and Prevention has

funded five population-based SLE registries'”".

Disseminating research responsibly

Finally, understanding and alleviating health disparities requires
careinthe reporting and dissemination of results. These studies have
the potential to inform diagnoses, interventions and future policies,
but they also have the potential to produce harm. As previously dis-
cussed, researchers should avoid conflating self-reported race with
genetic ancestry. However, even with repeated emphasis in reporting
guidelines™*'* distinctions can still be blurred. For instance, owing
to sampling strategies and analytical challenges, some studies still
assigngeneticancestry categorically rather thanas a continuum, which
can reinforce the erroneous interpretation that discrete continental
population labels reflect discrete genetic differences among samples™.
Additionally, studies must thoroughly acknowledge limitations of
findings, such as explicit definitions of what environmental and/or
social factors might not have been captured or included in analyses
andresults. Theseissues are also pertinentin the age of large language
models, whichare increasingly available to and leveraged by the public
and search engines. These models synthesize large quantities of data

and can be influenced by biases present in training data'> with the
potential to reiterate racist ideologies'”®. Thus, all roles contributing
towards health disparities research, including researchers, journal edi-
torsand peer reviewers must remain diligentin assessing manuscripts
for clarity and precision on these issues.

Conclusions

Although precision medicine has been promoted for over a decade,
alack of understanding of the effects of determinants of health on
health disparities remains a barrier to achieving equitable access to
precisionmedicine”. To date, crossover between molecular and SDOH
research groups remains limited; this challenge is pervasive across dis-
ciplines, but awareness of the problemsit poses is growing'>"*, We have
illustrated the disciplinary siloing between molecular and epidemiologi-
cal research by quantifying the current publication gap of integrative
research across tenrheumatic diseases. Current work has already shown
howinclusion of additional exposures and SDOH canimprove biological
risk models, but more data are needed to further this area of research.
Until we diversify rheumatic disease research, it will remainimpossible
toimplement precision medicine thatisinformed by both environmen-
tal and genetic factors for all patient demographics. Our presented
solutionsinclude breaking the epidemiological and biologicalssilos, as
well ascommitments to equity and structural reform. These changes are
necessary to elucidate how exposures affect the heterogenous molecu-
lar and cellular pathways leading to pathology, and might highlight novel
approaches to avoiding or neutralizing interactions that contribute
to rheumatic disease. We note that these challenges are not unique to
rheumatic diseases and thus there is benefit in uniting efforts across
disease-focused fields (for example, towards standardized SDOH and
environmental exposure data, and society-level changes towards better
inclusion). The continued development of EHR data, high-throughput
omics and molecular profiling offers great opportunities but only ifthe
field works to ensure these dataare truly representative of the complex
biological and environmental relationships within patient populations.
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Opportunities and limitations of
B cell depletion approachesinSLE
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Abstract

Sections

B cell depletion with rituximab, a chimeric monoclonal antibody that
selectively targets B cells by binding CD20, has been used off label in
severe and resistant systemic lupus erythematosus (SLE) for over two
decades. Several biological mechanisms limit the efficacy of rituximab,
includingimmunological reactions towards the chimeric molecule,
increased numbers of residual B cells, including plasmablasts and
plasma cells, and a post-treatment surge in B cell-activating factor
(BAFF) levels. Consequently, rituximab induces remissionin only a
proportion of patients, and safety issues limit its use. However, the use
of rituximab has established the value of B cell depletion strategies

in SLE and has guided the development of several improved B cell
depletiontherapies for SLE. These include enhanced monoclonal
antibodies, modalities that redirect the specificity of patient T cells
using chimeric antigen receptor T cells or bispecific T cell engagers,
and combination treatment that simultaneously inhibits the BAFF
pathway. In this Review, we consider evidence gathered from over two
decades of using rituximab in SLE and examine how B cell depletion
therapies could be further optimized to achieve immunological and
clinical efficacy. In addition, we discuss the prospects of B cell depletion
strategies for personalized treatmentin SLE based on genetic research
and studies in pre-symptomatic individuals.
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Key points

o Although the B cell depletion agent rituximab failed to reach its
primary end points in randomized controlled trials in systemic lupus
erythematosus (SLE), favourable clinical experience has led to its
frequent off-label use in patients with SLE.

o Deep B cell depletion of prolonged duration has been associated
with improved clinical response to rituximab.

o Additional B cell depletion therapies that enhance B cell depletion,
reduce immunogenicity, delay relapse of B cell numbers or target
memory B cells and plasma cells are under development, although
trials comparing these therapies head to head are lacking.

e Innate and non-immune mechanisms that lead to B cell activation, as
well as B cell-independent inflammation, might underlie resistance to
B cell depletion therapy.

o Although enhanced B cell depletion improves clinical responses
in patients with SLE, both B cell-driven mechanisms and innate or
non-immune mechanisms might need to be targeted to achieve cure.

Introduction

AroleforBcellsinthe pathogenesis of systemic lupus erythematosus
(SLE) has been recognized for decades, and the presence of autoanti-
bodies is a feature of the disease’. Rituximab, a chimeric monoclonal
IgG1 antibody that selectively targets B cells by binding to CD20 on
their surface, was the first B cell depletion agent used in patients with
SLE?? (Fig. 1). As many other B cell depletion agents, rituximab was
initially developed for the treatment of B cell-derived malignancies. In
addition, B cell depletion with rituximab was efficacious in randomized
trialsinseveral rheumatic diseases, including patients with rheumatoid
arthritis (RA) with insufficient response to TNF inhibitors*, and the
induction and maintenance of remission in antineutrophil cytoplasmic
antibody-associated vasculitis®®.

Rituximab depletes B cells by several mechanisms (Fig. 1b). It
crosslinksitstargeted B cells with the activating Fcy receptor IIl (FcyRIII)
on effector cells such as natural killer (NK) cells and macrophages to
induce death of the opsonized B cell through antibody-dependent cellu-
lar cytotoxicity (ADCC) and antibody-dependent cellular phagocyto-
sis (ADCP), respectively. In addition, B cell depletion can be induced
independently of FcyRIll binding. The binding of type I monoclonal
antibodiesto CD20 onthe B cell surface clusters CD20 into lipid rafts.
This redistribution increases cell death by complement-dependent
cytotoxicity (CDC) and apoptosis’. However, clustered complexes
are more rapidly internalized, through interactions with inhibitory
FcyRIIb qqon the B cell surface, which limits availability for ADCC
and ADCP'°. Some novel therapies include modifications to shift this
balance between clustered complexes and non-clustered complexes.

CD20 is specifically expressed on B lineage cells, sparing pro-
genitor cells, some plasmablasts and long-lived plasma cells (Fig. 1a).
CD20 function is poorly understood, and its natural ligands remain
unknown. In addition to CD20, key targets on B cells include CD19,
CD38, B cell maturation antigen (BCMA) and the B cell-activating fac-
tor (BAFF) receptor (BAFF-R). These are expressed on different sub-
populations of B cells during development (Fig. 1a). Compared with

CD20, CD19 has broader expression, including in plasmablasts and
plasma cells. CD38 and the BAFF-R have more restricted expression
that may direct biological effects towards subpopulations of B cells" .

Inthis review we examine the biological and clinical efficacy, as well
as the limitations of off-label use, of rituximab in SLE and discuss the
long-standing evidence showing that deep B cell depletionisimportant
for clinical efficacy. Inaddition, we explore strategies currently employed
to improve B cell depletion therapy, including enhanced monoclonal
antibodies, chimeric antigen receptor (CAR) T cells and bispecific T cell
engagers (BiTEs) and discuss how to manage long-term safety with B cell
depletion. Finally, we examine how recent knowledge about B cell extrin-
sicmechanisms of SLE pathogenesis illuminate potential limitations of
B cell depletion therapies in terms of achieving complete cure of SLE.

B cell subsets in SLE

In established SLE, the B cell compartment displays several altera-
tions compared to that of healthy individuals, including extrafolli-
cular T cell-independent activation, reduced dependence on B cell
receptor (BCR) signalling and B cell lymphopenia® ™. Lymphopenia
preferentially affects naive B cells, whereas type l interferons (IFNs),
whichare commonly upregulated in SLE, promote the survival of transi-
tional B cells (Box 1). This leads to an altered composition of the B cell
poolwithanincreased proportion of memory B cells” ™. SLE has been
described as a prototypic B cell-driven disease that is maintained by
mature B cell clones that produce autoantibodies and cytokines and
presentantigensto autoreactive T cells. However, the extent to which
SLE pathogenesis relies on complete and disrupted germinal centre
reactions versus extrafollicular B cell maturationis not well clarified.
Theidea of isolated and intrinsically autoreactive B cell clones that
drive disease development might need revisiting as recent evidence
points towards the involvement of polyclonally and extrafollicularly
activated B cells in the pathogenesis of SLE**"22,

Central T cell tolerance is unlike the first B cell checkpointin the
bone marrow. In central T cell tolerance, expression of the autoimmune
regulator proteinin thymic epithelial cells ensures exposure of devel-
oping T cells to tissue-restricted autoantigens and thereby results in
efficientelimination of autoreactive T cell clones. The first checkpoint
of B cell tolerance is regulated by exposure to a narrower selection of
antigens expressed in the bone marrow, and does not exclude auto-
reactivity in the naive B cell pool as efficiently. Therefore, an impor-
tant second checkpoint of B cell tolerance is required to prevent the
inappropriate activation of autoreactive naive B cells. Naive B cells,
thus, have an elevated threshold for activation and require activa-
tion of both BCR signalling and co-stimulatory molecules for an opti-
mal pro-inflammatory response®’. The RNA-sensing TLR7 pathway
is particularly relevant for SLE disease development. After a nuclear
antigen has bound its cognate BCR on the B cell surface, the bound
complexisinternalized and delivered to endosomes containing TLR7
and TLR9 (refs. 23-25) (Box 2). These innate receptors are activated
by nuclear and mitochondrial RNA and DNA, and their engagement
in concert with BCR ligation provides a second signal that triggers
B cell activation®**. The activation of TLR7 is essential to develop an
antibody responsein SLE-prone mice and was required for the expan-
sion of autoreactive B cells that bind to self nucleotides, including
CD2771gD™ double-negative B cells (DN B cells) and plasmablasts®*?.

The DN B cell population is highly responsive to TLR signal-
ling and shares some properties with murine age-associated B cells.
DN stage 2 (DN2) B cells, which are marked by a higher expression of
CD11c and T-BET than that of other DN B cell subsets, have increased
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levels of TLR7 but lack the TLR regulator TRAFS5 (ref. 26). The DN2
B cell subset is expanded in both adults and children with SLE, espe-
cially in individuals with African American ancestry and nephritis,

and the percentage of DN2 B cells correlates with disease activity and
Sm-specific or ribonucleoprotein-specific antibodies**?°. DN2 B cells
are derived from activated naive B cells, are set to recognize nucleic
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Fig.1|Mechanisms of B cell depletion by rituximab. a, B cell subsets

express distinct surface markers depending on their differentiation stage.

These surface markers can be targeted to direct biological effects towards the
various stages of B cell maturation. For example, as rituximab uses CD20 as

its target, biological effects are targeted towards B cells prior to the memory

and plasma cell stages. B cell subpopulations of special interest for systemic
lupus erythematosus (SLE) and their robust and characteristic expression of
surface markers are depicted” . In addition to circulating B cells, which are
efficiently targeted by rituximab, lymph node-resident and tissue-resident B cells
are also likely to mediate pathology in SLE but are less efficiently depleted by

NK cell

Antibody-dependent
cellular cytotoxicity
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monoclonal antibodies. By virtue of their cellular mechanism of action, chimeric
antigen receptor (CAR) T cells are expected to induce more potent depletion

in peripheral tissue compared with monoclonal antibody-mediated depletion
with rituximab. b, Rituximab induces B cell depletion by several different
mechanisms, including Fcy receptor Ill (FcyRIIl)-mediated antibody-dependent
cellular phagocytosis (ADCP) and antibody-dependent cellular cytotoxicity
(ADCC), as well as complement-dependent cytotoxicity (CDC) and direct
induction of apoptosis. BAFF-R, B cell-activating factor receptor; BCMA, B cell
maturation antigen; DN2 cell, double-negative stage 2 B cell; MAC, membrane
attack complex; NK, natural killer.
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Box 1| Interconnections between autoantibodies and the type | interferon system

Studying the early phase of systemic lupus erythematosus (SLE), before
the onset of any clinical symptoms, has revealed the early involvement
of autoantibodies and the type | interferon (IFN) system in disease
development. Loss of humoral tolerance develops progressively
during the years preceding onset of disease, and most patients with
SLE carry at least one antinuclear antibody (ANA) specificity 6 years
before diagnosis'**. Pathogenic ANAs, especially anti-double-stranded
DNA antibodies, can form immune complexes, activate complement,
bind apoptotic nucleosomes in the glomeruli and mediate neuronal
apoptosis™®™’. However, some ANAs are benign and can be present
during remission'®. Only a minority of healthy individuals who
develop ANA progress to clinical SLE disease™. However, even
among non-progressors without inflammatory symptoms, ANA
positivity is transcriptionally a highly dysregulated state with several
abnormalities, including upregulation of IFN production in blood
and non-haematopoietic tissues, and the immunological profiles of
individuals with ANA positivity are more similar to those of patients with
SLE than to those of healthy controls''*°,

Extracellular nuclear material is a potent stimulus for both
antibody production and the type | IFN response, and the progression
from ANA positivity to an SLE flare can be predicted on the basis

acids and seem to develop into antibody-producing cells®. This extra-
follicular pathway of B cell differentiation seems to promote the devel-
opment of autoreactive and antibody-producing plasma cells and
plasmablastsin SLE.

Plasmablasts are a heterogeneous subset of short-lived, rapidly
generated, antibody-producing B lineage cells, often defined on
the basis of their CD19"-CD27"*CD38"" surface marker profile, that
markedly expand early during SLE disease®. In viral infections, TLR
signalling seems to determine whether plasmablasts develop intra-
follicularly or extrafollicularly, and in mice, overexpression of TLR7
increases both spontaneous germinal centre formation and plasmab-
last development®?'. Both a plasmablast gene signature and the propor-
tion of peripheral plasmablasts have been associated with SLE disease
activity*>®, In the absence of naive and memory B cells, the presence
of plasmablasts in circulation might indicate ongoing B cell activity in
othertissues. High-sensitivity flow cytometry is necessary toenumerate
theserare cells, that are mostly located outside the lymphocyte region
and have lower CD19 expression than that of other B cell populations.

Overall, TLR7 signalling has the potential to drive the extrafolli-
cular and polyclonal differentiation of autoreactive B cell populations
during SLE. As TLR7-activated B cell populations might contribute
to the development of an autoantibody response, the presence of
these cells might help explain both the lack of response to rituximab
in some patients with SLE and the success of therapeutic strategies
involving BAFF inhibition.

Effectiveness and limitations of rituximab

Rituximab in SLE

Although early studies suggested efficacy in SLE, rituximab surprisingly
failed to meet the primary and secondary end pointsin the LUNAR trial
of renal SLE and the EXPLORER trial of non-renal SLE****, Results from
both trials indicated biological effects, with rapid depletion of CD19*

of type | IFN pathway activation in blood and skin'#"*%"*°, Most
patients with established SLE exhibit sustained upregulation of the
type | IFN system, and type | IFN activation has been associated with
disease activity and distinct clinical features'®"®°, Local activation
of the type | IFN pathway is evident in several organ systems

and SLE can be ameliorated by the type | IFN receptor inhibitor
anifrolumab64,159,164466.

Elevated IFNa protein levels are associated with the presence of
ANA and the number of specific autoantibodies is consistently
associated with activation of type | IFN system in SLE and other
rheumatic diseases’"®. Stimulation with type | IFNs upregulate TLR7
expression on B cells, promote BAFF production, and strongly promote
B cell differentiation to plasmablasts'°""%. In addition, exposure to
IFNa imprints plasma cells to express high levels of ISG15 mRNA,
accompanied by direct secretion of ISG15 protein in SLE'?. ISG15
has a variety of immune modulatory effects both inside cellsand as a
soluble mediator. Thus, autoantibodies forming immune complexes
can provide an interferonogenic stimulus*"". In return, type | IFN
stimulation imprint plasma cells to cause immunomodulatory effects
that are independent of their antigen specificity, further contributing to
the inflammatory vicious circle of SLE.

B cells,improved serology, and normalization of complement factors.
However, high doses of background corticosteroids and other immu-
nosuppressive therapies, patient heterogeneity and trial design might
have contributed to the failure to meet end points’. Regardless, rituxi-
mab hasbeen used off-label in patients with SLE for over two decades on
the basis of clinical effectiveness in case series, registries and two sys-
tematicreviews* *%, The clinical response to rituximab is variable and,
although many patients need retreatment with rituximab to control
disease, the time span before return of clinical symptoms differs con-
siderablyacross these studies****, The pattern of relapse is bimodal and
for approximately half the patients, relapse occurs within 18 months,
whereas the remaining patients seem to benefit from longer periods
of remission, sometimes exceeding 4 years*. Factors that limit the
effects of B cell depletion therapy withrituximabinclude the presence
of residual B cells in circulation and peripheral niches, non-response
due to insufficient depletion or B cell-independent disease, and, in a
proportion of patients, a sustained reduction inimmunoglobulin that
is associated with increased risk of serious infection.

Residual B cellsin circulation

The level of B cell depletion by rituximab depends on the affinity of
FcyRIll to rituximab®. FcyRlIll allotypes have distinct receptor proper-
tiesand influence the numbers of residual B cells after treatment with
rituximab. In particular, the 158V polymorphism in FcyRIllaincreases
FcyRIll affinity to IgGl. Patients who are homozygous for this polymor-
phism have enhanced NK cell-mediated degranulation and require
lower serum rituximab levels than patients with other FcyRIlla hap-
lotypes to achieve the same degree of B cell reduction**®. In patients
with RA, giving patients withincomplete B cell depletion an extra dose
of rituximab 4 weeks after treatmentinitiation reduced residual B cells
and clinical response without increasing adverse events*. Similarly,
patients with SLE and FcyRlIlla genotypes that confer lower affinity to
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IgGlarelikely to need increased rituximab doses or B cell depletion by
alternative agents to achieve equal biological and clinical responses as
patients with higher IgGl affinity FcyRIlla genotypes.

B cell depletion by rituximab s transient, and many patients with
SLE still have detectable B cell levels after two infusions of rituximab.
Lower numbers of residual B cells are associated with improved clini-
cal responses in both renal and non-renal SLE***%5°, Moreover, the
depletion of certain B cell subtypesis associated with clinical response,
and transitional B cells are expanded in patients with prolonged clini-
cal response to rituximab®. The number of plasmablasts at relapse
after rituximab seems to correlate with the titres of double-stranded
DNA (dsDNA)-specific autoantibodies, and repopulation by plas-
mablasts was found to be predictive of disease recurrence*. Using
high-sensitivity flow cytometry, repopulation with plasmablasts can
beidentified early; individuals with detectable plasmablasts 6 months
after rituximab treatment are at higher risk of clinical relapse within
the following 6 months™. In these patients, retreatment on the basis
of B cell repopulation might have the potential to prevent relapse.

Residual B cells in peripheral niches

Most information about the B cell depletion efficiency of rituximab is
based on counts of circulating B cells, which are more accessible than
tissue-resident B cells. However, B cells in the blood comprise aminor-
ity of total B cellnumbers and are not necessarily in homeostasis with
tissue B cells®. Thus, residual B cells are likely to remain in peripheral
niches even after B cell depletion therapy. The numbers of residual renal
B cellshave been evaluated after rituximab treatment in biopsies from
patients with lupus nephritis. B cells were detected in most biopsies,

and the presence of renal B cells was associated with poor treatment
response even when circulating B cells were low or undetectable®**.
In addition, although patients with SLE and a long-term response to
rituximab showed an altered B cell compositionin the tonsils compared
with patients with untreated SLE, germinal centre reactions persisted in
these samples®. In contrast to the very low levels of circulating memory
B cells, this suggests that memory B cell depletionin tissue by rituximab
is less effective than in blood.

Similar findings have been reported in other rheumatic diseases.
In Sjogren syndrome, rituximab does not affect the presence of clon-
ally related immunoglobulin-producing cells in salivary glands>®.
In RA, B cells remain detectable in the lymph nodes after rituximab
treatment” and the presence of residual B cells in synovial tissue is
associated with disease activity® °. Taken together, although rituxi-
mab treatment decreases the number of B cells in secondary lymphoid
organsand peripheraltissue, residual B cells often persistin these sites,
even in the absence of circulating B cells, suggesting that B cells in
secondary lymphoid organs change more slowly than peripheral B cells.

Mechanisms of non-response

The chimeric composition of rituximab with murine variable regions
increasesimmunogenicity and the risks of antidrug reactions.Uptoa
fifth of patients with SLE who receive rituximab have a good initial
response but develop secondary non-depletion and non-response
(2NDNR) with repeated use®’. Symptoms and signs of 2NDNR include
asevere infusion reaction that lasts >24 h during the second infusion
of acycle, failure to completely deplete B cells and lack of a clinical
response’’. Thisis suggestive of animmune reaction against rituximab,

Box 2 | Autoantigens as drivers of B cell activation in SLE

In its symptomatology, a systemic lupus erythematosus (SLE) flare
resembles a viral infection, with fatigue, arthralgia and oral ulcers,
as well as pleuritis and leukopenia, and both conditions involve
immunological reactions directed against nucleotides'. However,
instead of appropriately eliminating viral RNA and DNA, SLE involves
an inappropriate reactivity induced by endogenous nucleotides
that manifests in the presence of antinuclear antibodies (ANAs). If
these autoantibodies were primarily caused by monoclonal B cell
dysfunction (for example, by stochastically arising autoreactive
B cells) and perpetuated by T cell help and epitope spreading in
germinal centre reactions, then elimination of the resulting clones
might be expected to induce a sustained drug-free remission. Cure
through elimination of B cell clones has been suggested to be the
aim of future B cell-targeted therapy®®. However, several lines of
evidence argue against this theory.

The ANAs observed in SLE comprise antibodies against a
diverse mixture of intracellular antigens, including single-stranded
and double-stranded DNA, histones and ribonuclear proteins
that accumulate leading up to symptom onset'*. These antigens
are not connected by a shared molecular structure, but by their
intracellular location and their persistence after defective apoptotic
clearance'**"7%"”", SLE susceptibility can be conferred by loss-of-
function mutations that increase the availability of these antigens, such
as TREX1, which impairs their clearance during apoptosis, or gain-of-
function mutations in loci that increase the innate sensing of these

antigens, such as STING'*“¢'¢_ Sych antigen generation and sensing is
a feature of all nucleated cells, not just the circulating immune system.
In addition, a monogenic TLR7 gain-of-function mutation was
recently described leading to typical and severe SLE symptoms®.
The carrier was a young girl who developed SLE by the age of
7 years with elevated ANA, hypocomplementaemia, inflammatory
arthralgia and renal involvement?'. Additional analyses revealed a
further two patients with monogenic variants in TLR7 causing SLE
disease”. Notably, the gain-of-function mutation in TLR7 caused
SLE symptoms in mice by extrafollicular activation of B cells”. TLR7
escapes X chromosome inactivation leading to a higher expression
in females than in males, and the endogenous X-inactive specific
transcript (XIST) contributes a rich source of endogenous TLR7
ligands in female patients with SLE"®. Thus, the alteration of the
sensing of nuclear material by TLR7 is sufficient to induce typical and
severe lupus, and may at least partly explain the female bias in SLE.
Hence, the antibody repertoire of SLE is not what one would
predict from a series of stochastic B cell autoreactive events with
epitope spreading leading to B cell clones as the primary cause
of autoreactivity. Instead, these data collectively suggest that B cell
autoreactivity is secondary to increased sensitivity to these antigens,
and loss of function in clearing these antigens during apoptosis.
These latter mechanisms would be predicted to return after any
B cell-directed therapy, no matter what intensity of depletion or
quality of remission is achieved.
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Fig.2|No evidence for increased risk of infections
by B cell depletion across multiple trials.

Across multiple trials of patients with systemic

lupus erythematosus (SLE), there is no evidence
forincreased risk of any (part a) or serious (part b)
infections following B cell depletion therapy compared
with placebo®****’, However, inamixed cohort of
patients with rheumatic diseases (part c), patients
withlow IgG levels at baseline or patients with
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and the presence of rituximab-specific antibodies is common in
patients with SLEwho develop 2NDNR. Thus, in primary responders to
rituximab, subsequent treatment failure might occur because of insuf-
ficient B cell depletion, and tailored strategies to optimize depletion
canrestore clinical response.

Patients with mucocutaneous disease and, in particular, with
chronic cutaneous lupus erythematosus (CCLE) have a low clinical
response rate to rituximab®®, In these patients, the level of B cell deple-
tionisnot associated with CCLE response rates, CCLE non-responseis
notassociated with low responsein other domains, and new cutaneous
lesions erupt during the period of B cell depletion, suggesting that a pri-
mary non-response with B cell-independent inflammationis probably

involvedin CCLE®. Indeed, CCLE is initiated by keratinocyte apoptosis,
whichleads to exposure of nuclear antigens and type I IFN production.
Thus, patients with CCLE might be better suited to a between-class
switchto type I IFN targeted therapy®>**

Managing long-term safety

A common misconceptionisthat B cell depletioninherently increases
the risk of infection®. Across multiple trials in SLE, no significant dif-
ferences in the proportion of adverse or serious adverse events were
found between placebo and B cell depletion agents, and infection rates
were numerically lower intreated patients thanin those receiving pla-
cebo (Fig. 2a,b). In registry data of patients with moderate-to-severe
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SLE, rituximab, the BAFF inhibitor belimumab and standard immuno-
suppression were associated with similar rates of serious infection®.
Although patients with SLE might be sometimes told that treatment
with rituximab mightincrease therisk of infection, a generalincrease
inserious infections has not been observed***, Patients with SLE are
likely to have an increased risk of infection due to their disease and
their treatment with glucocorticoids®®. While suppressing immunity,
specific targeting of B cells with rituximab can allow glucocorticoid
tapering and normalization of otherimmune cells and molecules, which
might potentiallyimprove the endogenous defence against infections.

In the case of COVID-19, treatment with B cell depletion agents
wasinitially associated witha higher risk of severe infectionin patients
with immune-mediated disease®. However, vaccination offered pro-
tection with every new dose received’. Together with the decreased
immunogenicity of the virus, the risk of severe COVID-19 infection in
patients with systemic rheumatic diseases abated towards the end of
the pandemic”.

In around 15% of patients, repeated rituximab treatment leads
to hypogammaglobulinaemia®®. In a multi-disease cohort, low IgG at
baseline was associated with anincreased risk of serious infections, and
areductioninlgGlevels occurring during or after treatment doubled the
risk compared with normallgG levels” (Fig. 2c). Immunoglobulinlevels
are probably sustained by long-lived plasma cells, and although target-
ing CD20-positive B cells does not affect plasma cells directly, it reduces
the number of plasma cell precursors. Exposure to cyclophosphamide
and glucocorticoids, as well as multimorbidity, also increase the risk of
hypogammaglobulinaemia’> . Thus, although B cell depletion is desir-
ableforactive disease and does not affect the short-termrisk of infection,

Deep depletion

in a proportion of patients, repeated rituximab treatment leads to a
reductioninimmunoglobulinlevels thatis associated withanincreased
risk of serious infections (Fig. 2d). This calls for a tailored approach to
B cell depletion. While acknowledging the infectious risks of alternative
treatment options, monitoring of immunoglobulin levels before each
cycle of rituximab allows an individualized risk-benefit analysis.

B cell depletion therapies beyond rituximab

Several B cell depletion therapies are under developmentinSLE. These
include two types of enhanced monoclonal antibodies that are specific
to CD20: type I anti-CD20 antibodies have the ability to reorganize the
CD20 molecule into lipid rafts, whereas type Il anti-CD20 antibodies
affect CD20 distribution in the plasma membrane to a lesser extent.
Typelmonoclonal antibodies include, inaddition to rituximab, ocreli-
zumab and ofatumumab, which are humanized and fully human, respec-
tively, to ensure reduced immunogenicity. The afucosylated type Il
monoclonal CD20-specificantibody obinutuzumab, aswellas CART cells
andBiTEsthatredirect T cellstowards B cell targets, have been developed
toachieve deeper B cell depletion. Inaddition, combination treatment
with BAFF inhibition using ianalumab, and plasma cell-directed treat-
ment with the proteasome inhibitor bortezomib or the CD38-specific
antibody daratumumab are treatment strategies designed to improve
anddirect B cell depletion. An overview of the mechanisms of emergent
B cell depletion therapiesis presented in Fig. 3.

Typelanti-CD20 antibodies
The chimeric nature of rituximab occasionally induces immune reac-
tivity, and the formation of antidrug antibodies often impairs clinical

Reduced relapse of
B cell numbers

Addressing plasma cell pathology

Mode of action  Obinutuzumab CART cell BiTE lanalumab Daratumumab Bortezomib
B cell B cell B cell B cell Plasma cell Plasma cell
H | | | |
S +-CD20 ¢ %— CD19or ¢ %—CD19or ( /—BAFF-R ( >-cps3s
(|o Bcwa BCMA ) /
// T ‘ BITE /7 /4
Obinutuzumab CAR 4 lanalumab Daratumumab Bortezomib

Improvements ¢ Humanized to reduce e Targeting CD19 or BCMA, that are more
compared with immunogenicity broadly expressed compared to CD20
rituximab * Afucosylated Fc region  Potentially improved depletion by

to improve FcyRIIl affinity
e Improved direct
cytotoxicity to B cells

engagement of T cells

Fig.3|Emergent B lineage depletion therapies in SLE. The emergent B cell
depletion therapies use various modes of action that confer distinct advantages
compared with rituximab for B cell depletion. Deep B cell depletion is attempted
through the actions of type Il monoclonal antibodies against CD20, such as
obinutuzumab, or by chimeric antigen receptor (CAR) T cells and bispecific

T cell engagers (BiTEs) that target CD19 or B cell maturation antigen (BCMA).
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receptor (BAFF-R) with ianalumab could reduce the relapse of B cell numbers
after B cell depletion and potentially prolong the duration of the treatment
effect. In patients with evidence of plasma cell involvement and antibody-
mediated inflammation, treatment with the CD38-specific monoclonal antibody
daratumumab or a proteasome inhibitor such as bortezomib might be more
targeted to the pathology of their individual systemic lupus erythematosus (SLE)
disease. FcyRIIl, Fcy receptor II.
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effects and reduces safety. One humanized (ocrelizumab) and one fully
human (ofatumumab) type I monoclonal antibodies are, thus, cur-
rently under evaluationin SLE. Ofatumumabisatypelanti-CD20 IgG1
monoclonal antibody that targets both the large and the small exter-
nal loops of CD20, recognizing epitopes that are distinct from those
targeted by rituximab. Ofatumumab was shown to be well tolerated in
asingle-centre case series, and achieved B cell depletion in 12 out of
14 patients with SLE. In this setting, 6 months after treatment with ofa-
tumumab six of the 12 patients with lupus nephritis had achieved renal
remission”. Treatment with ofatumumab also showed clinical effects
insmaller case series in patients with juvenile SLE or lupus nephritis’®”’.
However, this was not the case for ocrelizumab, ahumanized IgGl mon-
oclonalantibody that recognizes the same epitope as rituximab on the
large extracellular loop of CD20. A study evaluating ocrelizumab along
with background immunosuppressive therapy in patients with lupus
nephritis was terminated early owing to an increased risk of serious
infections, some of which were fatal, in patients receiving background
mycophenolate mofetil (MMF). At the time of study termination and
despite efficient B cell depletion in peripheral blood, renal responses
were not significantly better in patients receiving ocrelizumab plus
MMF than in those receiving placebo’. Thus, following the results
of these trials, alternative type I anti-CD20 antibodies have not yet
demonstrated promise regarding efficacy.

Typell anti-CD20 antibodies

Obinutuzumabis ahumanized type Ilmonoclonal antibody targeting
CD20, and recognizes an overlapping epitope together with rituxi-
mab but at a different orientation’. Obinutuzumab is less efficient
at clustering CD20 into lipid rafts than type I monoclonal antibodies
such as rituximab. Although this limits cellular death through CDC,
it also reduces internalization of the CD20-obinutuzumab complex,
thereby increasing ADCC. In total, this leads to a net improvement
in B cell depletion®*°"*2, In addition, the Fc region of obinutuzumab
is afucosylated to improve affinity to FcyRIll on effector cells. This
enhances B cell depletion through ADCC*#2, In direct comparison with
rituximab, obinutuzumab displaysimproved B cell depletion through
FcyRIll-mediated activation of NK cells and ADCC, and obinutuzumab
is also more potent in inducing direct cell death®%2,

Inthe NOBILITY phasell randomized controlled trial (RCT), obinu-
tuzumab or placebo infusions were administered during weeks1, 2, 24
and 26 together withstandard-of-care®. The addition of obinutuzumab
led to rapid depletion of peripheral B cells, including memory B cells,
plasmablasts and naive B cells®”. These biological effects were associated
with an increased proportion of patients who reached complete renal
response by week 52, together with significantly improved estimated
glomerular filtration rate and proteinuria. In a post hoc analysis, obi-
nutuzumab also decreased the risk of lupus nephritis flares®*. The treat-
ment was well tolerated with similar numbers of adverse events in the
treatment group and the placebo group®. The REGENCY phase Il RCT
is a randomized double-blind placebo-controlled trial of the efficacy
and safety of obinutuzumab together with MMF and glucocorticoids
in lupus nephritis, including a total of 271 patients, that appears to
have met its primary end point, as announced in the company’s press
release®*°. Here, a higher proportion of patients were reported to have
achievedthe primary end point of complete renal response whentreated
withobinutuzumab compared with patients receiving standard therapy.
Thisindicates thatimproved B cell depletion may translate to clinical effi-
cacyinSLE, and it may come down to the safety profile of obinutuzumab
todetermineits place asanovel B cell-targeted treatment strategy in SLE.

CART cells

CAR-expressing T cells combine direct antigen recognition with the
effector mechanisms of T cells. Thereby, ordinary immune checkpoints
are bypassed, and the CAR T cell is activated in an MHC-independent
manner®. Adoptive transfer of CART cells directed towards the CD19
antigen was approvedin 2017 for the treatment of two types of refrac-
tory B cell-derived malignancies. Long-term effects vary depending on
the type of malignancy, but CART cellsinduced durable remission for a
proportion of the patients with the longest follow-up extending over
adecade®. InSLE, CART cells targeting CD19 were first administered
in2021 as part of acompassionate use scheme to awomanwith severe
and refractory SLE despite several treatments, including rituximab and
belimumab®. After leukapheresis, autologous T cellswere activated and
transduced with alentiviral anti-CD19 CAR vector, expanded in vitro,
and returned to the patient’s blood. As the CAR T cells expanded,
B cells were depleted, serology normalized, and clinical remission
was achieved.

This first case report was followed by two publications detailing
the treatment of a total of eight patients with refractory and multiorgan
SLE, four of whom had previously failed rituximab®®”". In all patients,
drug-free remission was achieved by 6 months after autologous CAR
T cell delivery, and remission was accompanied by seroconversion,
normalization of complementlevels, and disappearance of proteinuria.
CART cellsrapidly expanded until day 9 after transfer and then rapidly
declined. B cells were absent a few days after infusion but reappeared
after about 100 days. The repopulating B cells were preferentially
non-class-switched, whereas the numbers of memory B cells remained
reduced and plasmablasts were low to absent. Despite the reappear-
ance of B cells, no clinical relapse occurred during a follow-up period
of 6-29 months.

In patients with B cell ymphoma and other malignancies that
are treated with CAR T cells, adverse events are common and include
cytokinerelease syndrome, immune effector cell-associated neurotox-
icity syndrome (ICANS), cytopenias, hypogammaglobulinaemia and
infections®“2, In the patients with SLE who have received CAR T cells
so far, toxic effects have been mostly mild, possibly attributable to a
lower load of B cells in SLE than in B cell-derived malignancies® .. It
is noteworthy that long-term follow-up in cancer research has shown
anon-trivial risk of non-relapse mortality. In a meta-analysis, around
half of the non-relapse mortality cases were caused by infections, but
almost 8% were attributed to the development of other malignant
diseases”.Inaddition, case reports have described T cell-derived malig-
nancies following CAR T cell therapy®. These observations highlight
the need for long-term follow-up to ensure maintained remission and
safety of CAR T cell therapies in SLE and other autoimmune diseases.
The substantially lower mortality in SLE than in malignant disease
increases theimpact of long-term outcomes on the choice of therapy.

CART cells targeting CD19 are currently under evaluation in sev-
eral phase I and Il studies and some new technologies are under very
early investigationin SLE, as described below. A case report described
a patient with SLE and B cell lymphoma treated with CAR T cells
designed to target both CD19 and BCMA®. This treatment would be
expectedto affect plasmacellsto alarger degree, as BCMA is predomi-
nantly expressed on mature B cells. B cellswere depleted but had recov-
ered tonormal levels by 9 months after infusion. The disease remained
stable until follow-up 23 months after treatment. However, there was
amarked reduction in total immunoglobulin levels, and the patient
received prophylactic treatment with intravenous immunoglobulin
to limit the risk of infection.
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Various types of immune cells, including NK cells, can be trans-
formed to produce CAR construct expressing therapies, as demon-
strated by CAR regulatory T (T,,) cells targeting CD19 that improved
serology and delayed lymphopenia in SLE-prone mice®. In addition,
chimeric autoantibody receptor T cells could be designed to spe-
cifically target the B cells that produce autoantibodies involved in
disease pathogenesis, a concept established in pemphigus vulgaris
that could be applicable to autoantibodies in SLE, such as anti-dsDNA
oranti-Clq”.

An argument for the use of CAR T cells in autoimmunity is that
their cellular mechanism of B cell killing might be superior to that of
monoclonal antibodies. Inaddition, CART cells might haveimproved
penetranceto peripheral tissues and secondary lymphoid organs where
pathogenic B cells reside’. In comparison with rituximab, depletion
of peripheral B cells and immunoglobulin levels were similar, but a
complete depletion of CD19" and CD20" B cells was observed in the
lymph nodes of patients treated with CAR T cells but not in the lymph
nodes of patients treated with rituximab®®.

CART cell therapies have also been suggested to potentially
achieve long-term clinical remission®. Across patients with malig-
nant diseases that received CART cell therapy, at least a proportion
haveremainedinremission for over a decade, despite the reductionin
CART cell numbers and the B cell repopulation that occur over time®®,
However, thisinformation cannot be directly applied to autoimmune
diseases. B cell malignancies are initiated by single expanded B cell
clones, and after elimination of such clonotypesitis less probable that
the same disease-causing mutation would arise de novo. By contrast,
SLE involves polyclonal B cell activation directed towards several dis-
tinct nuclear and intracellular antigens”. Even after initial depletion
of autoreactive B cell clones, continuous exposure of such antigens
is expected to drive new autoreactive B cell clones in the context of a
susceptible host.

In addition, CART cell therapies differ from strategies that are
based on monoclonal antibodies in terms of patient effort and eco-
nomic costs. At present, CAR T cells are not produced at scale, and
most protocols involve the use of autologous T cells”. Pretreatment
conditioning, leukapheresis and initial follow-up is atime-consuming
process requiring long periods of hospitalization for the patient and
large initial costs for the healthcare system. These costs could be
mitigated inthe long termif CART cells survive and expand, creating
apool of T cells with the potential to respond even before disease
is clinically evident. In addition, the development of allogenic CAR
T cells could reduce the logistic requirements and improve treatment
availability'*°. The first available report of use of allogeneic anti-CD19
CART cells in rheumatic disease included one patient with severe
myositis and two patients with systemic sclerosis'”". To prevent rejec-
tionand improve persistence, genes for the T cell receptor and certain
MHC molecules were knocked out using CRISPR-CAS9-based gene
editing. The treatment was well tolerated, disease activity was reduced,
and quality of lifeimproved for the three participants. Thisis arapidly
developingfield, and advancesin T cell engineering and manufactur-
ing of off-the-shelf CART cell products mightincrease availability and
reduce thetimerequirement for future patients, as well as reduce costs
for the healthcare system.

Overall, although the promise of CAR T cell therapy has gener-
ated much excitement, the therapy is still nascent, and it needs to
be emphasized that no controlled studies have been reported so far.
The obvious comparator arm in such studies would be monoclonal
antibody-mediated B cell depletion with type I or type Il antibodies.

Moreover, key questions must be answered before it can be concluded
that CART cells are qualitatively better than monoclonal antibodies
in terms of B cell depletion or a long-term cure in SLE. These include
their comparative efficacy and added value both regarding immuno-
logical biomarkers and clinical outcome. Inaddition, a large, powered
study with defined primary and secondary outcomes and long-term
follow-up will be essential to understand the safety and efficacy of
CART cellsin SLE.

Bispecific T cell engagers

Unlike monoclonal antibodies, which recognize only one antigen,
T cell-engaging bispecific antibodies simultaneously engage two sur-
face antigens: one on a target cell, and one on an endogenous T cell,
which is redirected to the target. BiTEs are small, flexible bispecific
antibodies that lack an Fc region. The first approved BiTE still in use,
blinatumomab, was used in relapsed or refractory acute lymphoblas-
tic leukaemia'®. Blinatumomab depletes B cells by connecting two
single-chain variable immunoglobulin fragments, recognizing CD19
and CD3e, respectively'®”. Asthe Band T cells are brought into proxim-
ity, the T cellisactivated in a polyclonal manner and secretes perforin
that lyses the B cell'®. Blinatumomab has since been administered
in one patient with rapidly progressive systemic sclerosis, with swift
improvement of symptoms'**, as well as in a case series of six patients
with severe resistant RA'. Circulating B cells, and particularly the
CD27* memory B cell subset, were reduced and serology improved
in all patients with RA who received blinatumomab. Clinically, the
numbers of tender and swollen joints decreased, and remission was
achieved. In two out of three patients who had a synovial biopsy, bli-
natumomab completely depleted synovial B cells. This deep depletion
may be influenced by the broader range of expression of CD19, which
probably leads to additional plasmablast and plasma cell killing with
blinatumomab compared with approachestargeting CD20. In addition,
the T cellengagement and killing mechanisms of BiTEs are likely to be
superior to monoclonal antibody-mediated killing, although this has
not yet been proven.

Teclistamab, a BiTE recognizing CD3 and BCMA, also showed
efficacy in one patient with active lupus nephritis'*®, as well as in four
patients with other rheumatic diseases, including systemic sclerosis,
idiopathic inflammatory myositis, primary Sjogren syndrome and
RA'Y, During the first few weeks after treatment, B cells were depleted,
especially the plasmablast and plasma cell subsets, and serology and
disease activity scores normalized. Several of the patients showed
grade1-2cytokinerelease syndrome, infections and hypogammaglob-
ulinaemia, side effects that have previously been reported with the use
of teclistamab in patients with multiple myeloma'®s.

BiTEs are similar to CAR T cells in that they both require a func-
tional T cell compartment, and several adverse reactions are shared,
including cytokine-release syndrome and ICANS. However, similar to
monoclonal antibodies, BiTEs are recombinant off-the-shelf proteins
without interpatient variability. This gives the advantage of a short
time from decision toinfusion without the need for patient condition-
ing. The short half-life of BiTEs also means that continuous treatment
mightbe required for long-term effects to be achieved. Overall, BiTEs
have emerged as a promising therapeutic modality in SLE, and further
investigationsin SLE are planned.

Combination with BAFF receptor blockade
B cell activation and survival is promoted by BAFF, and BAFF inhibi-
tion with belimumab has been shown to reduce disease activity in a
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Glossary

Plasmablasts
A heterogeneous subset of short-

B cell-activating factor

Also called B lymphocyte stimulator;

a potent B cell activator and survival
factor that promotes B cell maturation.

lived circulating antibody-producing
cells that might lie outside a

CD19' lymphocyte gate in flow
cytometry and can be defined as
CD3°CD14°CD19"°CD38"CD27"
mononuclear cells.

Double-negative B cells

B cells that have class switched and lack
expression of IgD but also the memory
marker CD27. Of these, DN2 cells have
higher expression of CD11c and T-BET
and are increased in the circulation in
patients with SLE.

Transitional B cells

B cells that have successfully
recombined their surface receptor
and exited the bone marrow but are
not yet fully mature. Depending on
their stage of transition, they can be
CD24"CD38".

Fcy receptor llI

Activating Fc receptor that mediates
interaction between the Fc domain
of antibodies and FcyR-bearing
effector cells.

proportion of patients with refractory SLE'*"°, A proliferation-inducing
ligand (APRIL) shares some cell surface receptors with BAFF and also
has akey role in B cell maturation and survival™. The BAFF and APRIL
inhibitors telitacicept and atacicept have both shown some efficacy
in phase Il studies of SLE">™,

The concentration of BAFF is elevated in patients with SLE after
treatment with rituximab, and these increased BAFF levels have been
associated with disease relapse and higher disease activity™> . In
mice, excess BAFF was able to rescue self-reactive early B cells from
deletionand improved survival of new B cellsemerging from thebone
marrow"®"”, The BAFF receptor (BAFF-R) is highly expressed on certain
B cell subpopulations™*, and combining B cell depletion with BAFF-R
inhibition has the potential to delay B cell repopulation and provide
longer duration of remission after B cell depletion.

lanalumabis ahuman anti-BAFF-R IgG1 monoclonal antibody that
combines B cell depletion with blockade of BAFF-R-mediated signal-
ling. lanalumabis afucosylated, thereby ensuring enhanced depletion
throughinteraction with FcyRIll-bearing cells, and can be administered
subcutaneously. lanalumab was not internalized by acute leukaemia
B cells, and it showed enhanced depletion of chronic leukaemia B cells
by ADCC compared with monoclonal antibodies directed towards
CD20 (refs.120,121). Inaphasellb trial in Sjogren syndrome, ianalumab
reduced disease activity and was overall well tolerated'?. Preliminary
interim data from the phase I SIRIUS RCT in SLE demonstrated both
efficacy and safety, with a larger number of patients achieving SLE
responder index 4 (SRI-4) response with sustained steroid reduction
in the treatment arm compared with patients receiving placebo''**,

The combination of B cell depletion and BAFF inhibition with
belimumab has been evaluated in several trials. In the CALIBRATE,
SYNBIOSE and BLISS-BELIEVE studies, B cell depletion and serology
improved'>'?, Although the CALIBRATE and BLISS-BELIEVE studies did
not demonstrate clinicalimprovement by combination treatment, beli-
mumab was found to reduce therisk of severe flare in the BEAT-LUPUS
trial'>'?7?%, Thus, the results of the SYNBIOSE-2 phase Il RCT that is
currently in progress in patients with anti-dsDNA-positive, severe
SLE are anticipated with interest'”. Indeed, combination treatment

mightbe particularly relevant in patients who have tested positive for
anti-dsDNA autoantibodies and, in particular, for anti-dsDNA antibod-
iesofthelgA2 subtype, asthese antibodies have emerged asarelevant
predictor for clinical response of belimumab after rituximab™"°. In the
BLISS-BELIEVE trial, the combination treatment seemed more effective
in the subgroup that was anti-dsDNA-positive at baseline'”. Thus, when
there is biological response to rituximab but insufficient depletion,
add-on therapy with belimumab might be beneficial, especially in
patients with high anti-dsDNA autoantibody titres.

Targeting plasma cells

Plasma cells areimportant for autoantibody productionbut are unre-
sponsive to anti-CD20-directed B cell depletion. In addition, CD19'¥
antibody-secreting cell populations are abundant in patients with
active SLE and correlate with disease activity"'. The maintenance of
vaccination responses after both rituximab and CAR T cell treatment
suggests that memory B cells and long-lived plasma cells are likely to
resist depletion strategies”*. Treatment directed specifically towards
plasma cells might be beneficial in certain patients, particularly when
thereisevidence for antibody-mediated inflammation. Daratumumab
isamonoclonal antibody targeting CD38, whichis highly expressed on
plasmablasts and plasma cells"". After ligation of CD38, daratumumab
induces cell death through ADCC, ADCP and CDC.

Afew patients with SLE have been treated with daratumumab thus
far. In two patients, daratumumab depleted plasma cells, reduced
dsDNA-specific antibodies, and decreased SLE disease activity index
scores', In addition, daratumumab decreased type I IFN pathway
activation in these patients. The titre of vaccine-induced response
to tetanus toxoid declined. Responses were sustained at follow-up
3 years after treatment’*. These initial results were followed by a
case series of six patients with refractory lupus nephritis'. Three of
these patients receiving daratumumab experienced acomplete renal
response, whereas two patients had a partial renal response during
follow-up until 12 months. Commonly reported adverse events have
been hypogammaglobulinaemia, infusion reactions and infections'.

Another way totarget plasmacellsis through proteasome inhibi-
tion. The proteasome destroys proteins marked for degradation, and
itsinhibition cause the accumulation of misfolded proteins which leads
to apoptosis'”. Plasma cells are especially vulnerable to proteasome
inhibitors owing to their high rate of protein production during anti-
body synthesis'”. Thus, treatment of patients with SLE with the protea-
someinhibitor bortezomib led to rapid depletion of plasma cells while
other B cells were mostly unchanged'®. Bortezomib initially showed
promise in case series; in one study in lupus nephritis, four out of five
patients achieved a complete or partial response, and in three stud-
ies, eachincluding 12 patients, disease activity declined and serology
improved”* . However, bortezomib displayed significant toxicity,
with reduction in total immunoglobulins and vaccination responses,
and has frequently been discontinued. In an RCT that included
14 patients, four out of eight in the bortezomib group discontinued
treatment due to adverse effects, and although SRI was numerically
higher in the treatment group, it was not significantly affected by
treatment'*?, Thus, adverse reactions may limit the use of bortezomib,
anditsinitial promise has not been corroborated by subsequent trials.

Choice of therapy after rituximab failure

In case of treatment failure with rituximab, the choice of subsequent
therapy can be guided by the residual B cell count (Fig. 4). This neces-
sitates high-sensitivity flow cytometry and directs treatment towards
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antibody against CD20, such as obinutuzumab, or chimeric antigen receptor
(CAR) T cells, toimprove depletion. When there is a biological response but

early relapse, add-on therapy with the B cell-activating factor receptor inhibitor
belimumab might be beneficial, especially in patients with high anti-dsDNA
antibody titres. When disease, particularly disease involving skin inflammation, is
mediated by innate immune cells or by plasma cells, treatment could be designed
to target these pathwaysinstead. dsDNA, double-stranded DNA; IFN, interferon.

theactiveimmunologicalmechanismsin theindividual disease. In case
of inadequate initial B cell depletion or 2NDNR, given the prior good
response to rituximab, the logical follow-on therapy would beimproved
depletionwith another typelorllmonoclonal antibody against CD20.
Switchingto one of the alternative CD20-targeting monoclonal antibod-
iesocrelizumab, ofatumumab or obinutuzumab restored depletionand
clinicalresponsein patients with 2NDNR**, This within-class switch was

more effective than switching to a BAFF inhibitor®. In the future, CAR
T cellsand BiTEs might become options in this treatment arsenal. When
thereis B cell depletion with early relapse, add-on therapy with beli-
mumab mightbe beneficial, especially in patients with high anti-dsDNA
autoantibody titres. When B cells are depleted without clinical response,
disease may be mediated not by B cellsbut by innate cells or plasmaccells,
and treatment could be designed to target these pathways instead.
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Cell death, impaired degradation of extracellular nucleotides, impaired
mitophagy of damaged mitochondria, and exposure to ultraviolet light have
been associated with presentation of autoantigens to autoreactive B cells
insystemic lupus erythematosus (SLE). After binding to their cognate B cell
receptors (BCR), autoantigens are taken up inendosomes in the B cell. With
simultaneous TLR7 stimulation, the B cellis activated and can differentiate
intrafollicularly or extrafollicularly to become an antibody-producing cell.
Extracellular nucleotides such as the X-inactive specific transcript (XIST) long
non-coding RNA also induce type linterferon (IFN) production from non-
haematopoietic cells. Mitochondrial DNA (mtDNA) is highly immunogenic
andinduces aninterferon response, especially in its oxidized form. In most
cells, damaged mitochondria are removed by mitophagy, through which an
endophagosome sequesters mtDNA and fuses with alysosome. However,
neutrophils are constitutively unable to perform mitophagy and may instead
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extrude complexes of mtDNA and protein in neutrophil extracellular traps
(NETs)"""2, Ribonucleoprotein-containing immune complexes and TLR
activation increase NET formation and the extrusion of mtDNA®** TypelIFN
in turnimpairs the degradation of mtDNA'’, Type I IFN and its downstream
mediators stimulate B cell-activating factor (BAFF) productionand B cell
activation, induce B cell differentiation to plasmablasts, and imprint plasma
cells. Immune complexes are formed in the presence of sufficient amounts of
autoantigen and add another interferonogenic stimulus. Both type l IFN and
certain antinuclear antibodies (ANAs) induce neutrophil death through NETosis,
through whichintracellular autoantigens are exposed, further contributing

to theinflammatory vicious circle. Treatments that specifically deplete B cells
and plasma cells are depicted, as well as treatments that may supersede B cell
depletion, including inhibition of BAFF and innate pathways using currently
licensed or off-label drugs. BAFF-R, BAFF receptor; BiTEs, bispecific T cell
engagers.

Further limitations of B cell depletion in SLE

In the larger perspective, a limitation of B cell depletion therapeutic
strategiesin SLE involves the compleximmunology underpinning the
SLE disease. First, the autoreactivity of B cellsin SLE does not developin
isolationbutisinduced by TLR7-triggered hyperresponsiveness of the
immune system secondary to autoantigen exposure (Box 2). During pro-
gression to SLE, the autoantibody repertoire is expanded recognizing
abroader range of variousintracellular targets, including nucleotides
and their binding proteins'. The recognized proteins are molecularly
dissimilar but share anadjacent intracellular location'*, Processes that
increase the extracellular availability of these autoantigens are likely
to precede the accumulating loss of B cell tolerance>'*¢. Accordingly,
single-gene variants sufficient to cause severe and typical lupus mainly

affect the removal and sensing of extracellular nucleotides and waste'"".

These initiating and perpetuating processes would be expected to be
maintained even after complete B cell depletion.

Second, lupus develops successively over a period of several years,
and innate immune mechanisms have a prominent role during early
disease development.Indeed, IFN-stimulated genes were found to be
upregulated in antinuclear antibody (ANA)-positive individuals who
later developed SLE but not in ANA-positive individuals who remained
healthy™®. In these individuals, as in patients with established SLE,
autoantibody production is heavily interconnected with the type |
IFN system (Box 1).

Together, these studies of the complex non-immune and innate
involvementin SLE development are compatible withamodelin which
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increased availability, elevated sensing of nucleic autoantigens, or
both, lead to potent TLR signalling that triggers type I IFN production
and extrafollicular B cell differentiation. Once established, innate
immune signalling and B cells will stimulate each other, leading to a
vicious circle of immune activation and damage in SLE (Fig. 5).

Thisvicious circle might underly amajor limitation of B cell deple-
tion therapies. If polyclonally activated B cells function within a net-
work of cellular interactions and are activated and imprinted by their
microenvironment, these innate and non-immune mechanisms would
remain present in patients with SLE even in a state of full depletion
of B cells™'*, If so, this would mean that fundamental pathophysio-
logical mechanisms of SLE are not dependent on B cells and might be
unresponsive to B cell therapy.

If this is the case, the degree to which relapse would occur after
complete depletion of B cells is unknown. Considering that only asmall
fraction of individuals with ANA positivity develop SLE, despite wide-
spread immune abnormalities, it is conceivable that asimilar small but
substantial proportion of patients might relapse after deep B cell deple-
tionwithantibody-based or cellular therapy in the future, whereas the
majority of patients receiving such treatments might be able to live
with stable subclinical autoimmunity'°. However, the genetic and
immune abnormalities that once caused SLE might also eventually lead
to relapse in most patients after a brief or longer period of remission.
Although B cell depletion may lead to clinical quiescence, it is expected
that patients with SLE will remain immunologically complex.

Conclusions

Rituximab efficacy has been long known to depend on the depth and
duration of B cell depletion. Improved B cell depletion mechanisms of
therapeutics that are based on monoclonal antibodies, such as obinu-
tuzumab and ianalumab, or on B cell targeting by T cells (for example
using BiTEs or CART cells), are likely to translate into clinical efficacy.
The multifaceted nature of SLE means that there will probably be occa-
sion for several different treatment options and argues for personalized
treatment according to the underlyingimmunological networks that
areactivated inindividual patients with SLE. Predictive biomarkers that
enable us to choose the treatment option with the highest likelihood
of improvement for the clinical and immunological disease pattern of
the individual patient, balancing short-term and long-term cost,
toxicity and patient effort in the process, will be required for aiding
clinical decisions.

However, the extent to which the various treatment options will be
used remains unclear. So far, there are few direct comparisons between
the treatment modalities regarding immunological and biological
effectsand no head-to-head trials comparing clinical efficacy. Planned
studies of B cell depletion agents seldom compare them with existing
monoclonal antibody-mediated B cell depletion regarding biomarkers
or clinical outcome.

While awaiting head-to-head trials, targeting the active immu-
nological pathways of the individual disease may have promise for
optimizing treatment in each patient, given the complex nature of
the SLE disease. Measuring B cell subpopulations might be relevant to
evaluating disease activity, determining the immunological efficacy
of B cell depletion and aiding in the decision to continue or discon-
tinue B cell depletion therapy. To guide therapeutic B cell targetingin
patients with SLE, a thorough understanding of the pathophysiology
of B cells in relation to other immune abnormalities in SLE and of the
limitations of B cell depletion therapies are required. The clinician’s
interpretation of how B cells are activated in SLE determines how we

predict if B cell depletion therapies will work. If B cells are intrafol-
licularly activated by T cell interactions resulting in isolated clones
of intrinsically autoreactive cells, then depleting these clones deeply
enough could cure the disease. However, if B cells are polyclonally and
extrafollicularly activated, along-term cure for SLE will probably need
to equally target B cell-driven, innate and non-immune mechanisms.

Published online: 15 January 2025
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