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Abbreviations:

DiHS — drug-induced hypersensitivity syndrome

DRESS — drug reaction with eosinophilia and systemic symptoms
HLA — human leukocyte antigen

IL - interleukin

KD — Kawasaki disease

LD — lung disease

MAS — macrophage activation syndrome

MHC — major histocompatibility complex

PAP — pulmonary alveolar proteinosis

SJIA — systemic juvenile idiopathic arthritis



Abstract

An unusual form of lung disease has begun to affect some children with systemic juvenile
idiopathic arthritis (SJIA), coincident with increasing utilization of IL-1 and IL-6 antagonists.
Many children with SJIA lung disease (SJIA-LD) have a history of clinical and laboratory
features resembling drug reaction with eosiophilia and systemic symptoms (DRESS), a
presentation now convincingly associated with HLA DRB1*15. Treatment of DRESS typically
requires drug discontinuation, a daunting prospect for clinicians and families who rely upon
these agents. Here we review SJIA-LD and its associated DRESS-like phenotype. We suggest an
alternative explanation, the Cytokine Plasticity Hypothesis, proposing that IL-1 and IL-6
blockers modulate the milieu n which T cells develop, leading to a pathologic immune response
triggered through exposure to common microbes, or to other exogenous or endogenous antigens,
rather than to the drugs themselves. This hypothesis differs from DRESS in mechanism but also
i clinical mplications, predicting that control of pathogenic T cells could permit continued use
of IL-1 and IL-6 antagonists in some individuals. The spectrum posed by these two hypotheses
provides a conceptual framework that will guide investigation into the pathogenesis of SJIA-LD

and may open up new therapeutic avenues for patients with SJIA.



Introduction

The pediatric theumatology community is worried. Some children with systemic juvenile
idiopathic arthritis (SJIA) are developing an unusual, sometimes life-threatening condition
termed SJIA-lung disease (SJIA-LD) (1-4). The emergence of SJIA-LD has coincided with
mcreasing use of blockers of mterleukin (IL)-1 (anakinra, canakinumab, rarely rilonacept) or IL-
6 (tocilizumab), and most children with SJIA-LD have a history of exposure to one or more of
these agents (2, 3). Recent work from Saper, Ombrello and colleagues linked these reactions to
the human leukocyte antigen (HLA) class II allele DRB1*15, prompting the suggestion that
SJIA-LD arises through an IL-1/IL-6 blocker-induced drug-induced hypersensitivity syndrome
(DHHS) or even Drug Reaction with Eosinophilia and Systemic Symptoms (DRESS) (5). These
observations place clinicians, patients, and families in an extremely difficult conundrum. IL-1
and IL-6 antagonists have transformed SJIA from the most destructive arthritis of childhood mto
a disease with an excellent prognosis for most patients (6-11). But if these biologics are

potentially harmful, even life-threatening, what are we to do?

Here we review the available data supporting the suggestion that allergic-type responses and
SJIA-LD reflect hypersensitivity to IL-1 and IL-6 antagonists — a proposal we term the DRESS
Hypothesis — and present an alternative, the Cytokine Plasticity Hypothesis, that differs in
mechanism and in clinical implications. We present this alternative not because we believe that
the DRESS Hypothesis is necessarily incorrect but because articulating alternate explanations is
sound scientific practice. Considering these hypotheses, potentially together with others, will

shape the scientific agenda and thereby help to understand the relationship between IL-1 and IL-



6 blockade, DiHS-type reactions, and SJIA-LD, while guiding clinical decision-making for

patients with SJIA and its adult counterpart, adult-onset Still’s disease.

SJIA lung disease

Following isolated case reports of pulmonary involvement in SJIA in the pre-biologic era (12,
13), Kimura and colleagues reported in 2013 a series of 25 patients with SJIA and lung disease,
including pulmonary arterial hypertension, interstitial lung disease, and alveolar proteinosis.
Mortality was high (68%). Most patients had been treated with IL-1 and/or IL-6 antagonists,
raising the concern that these agents might have contributed to lung complications (1). In 2019,
two groups reported an additional 70 patients with SJIA-LD (2, 3). Where lung histology was
available, in many cases it resembled pulmonary alveolar proteinosis (PAP), a condition in
which alveolar macrophages fail to clear surfactant and other material from the airspace. Risk
factors for SJIA-LD included onset of SJIA before age 2 years, a history of macrophage
activation syndrome (MAS), trisomy 21, and use of IL-1 and/or IL-6 blockers. Intriguingly,
almost 40% of children had experienced anaphylactic reactions to tocilizumab, very unusual n
other contexts. These studies noted increasing incidence of SJIA-LD over the past two decades,
roughly paralleling the increased use of IL-1 and IL-6 blockers (2, 3). In one center in the United
States, SJIA-LD affected 5 of 74 new patients with SJIA (7%), though the European
PharmaChild Registry of 306 SJIA patients treated with anakinra identified only one with SJIA-

LD (0.3%) (3, 14).

These reports raised several questions: Does exposure to IL-1 or IL-6 blockade cause SJIA-LD?

What underlies the apparent geographic variability mn SJIA-LD incidence? Might IL-1 or IL-6



blockade permit an as-yet undefined pathogen to drive SJIA-LD? Could there be confounding by
indication — in other words, if IL-1 and IL-6 blockade are used preferentially in the patients who
are also the most likely to develop SJIA-LD, could the association be true but not causal? Could
reduced reliance on corticosteroids, methotrexate, and other agents play a role? One of us

entertained these possibilities two years ago (4). Do we have better insight now?

Importantly, one of the 18 patients (6%) with SJIA-LD reported by Schulert and colleagues had
not received IL-1 or IL-6 antagonists (3). Among the 61 patients reported by Saper, Chen and
colleagues, 15 (25%) had no exposure before disease onset (2), a result echoed in a European
cohort in which 7 of 26 subjects with SJIA-LD (27%) had never received IL-1 or IL-6 blockade

((15) and C. Bracaglia, personal communication).

What do we know about the pathogenesis of SIIA-LD? In all series, patients with a history of
MAS are at greater risk for SJIA-LD (1-3). Schulert and colleagues reported that patients with
SJIA-LD exhibit higher levels of serum IL-18, increased levels of IFNy, IL-18, CXCL9 and
CXCL10 in bronchoalveolar lavage fluid, and lung transcriptional profiles demonstrating
upregulation of IFNy and T cell activation networks, features that echo aspects of the
pathogenesis of MAS (3). Using a mouse model of MAS induced by repeated administration of
the TLR9 agonist CpG, Schulert’s group identified CD4+ T cell-predominant IFNy-dependent
pulmonary inflammation, although not PAP (16). By contrast, T cell overexpression of T-bet, the
Thl master transcription factor, impairs macrophage development and results in PAP-like lung

disease in mice (17). Clinical experience that SJIA-LD and MAS may respond favorably to



blocking IFNy with emapalumab supports a pathogenic role of Thl-type inflammation in both

conditions (18, 19).

Canna and colleagues recently reported serum proteomic analysis of patients with SJIA-LD and
related conditions, identifying 20 proteins elevated and 6 decreased in SJIA-LD independent of
MAS (20). Unexpectedly, upregulated proteins included chemokines associated with Th2
responses: CCLI1/eotaxin-1 and CCL17/TARC (thymus activation-related chemokine), the
latter sometimes elevated in DRESS (21-25). Also upregulated were the lung adhesion molecule
ICAMS and the ICAMS-cleaving matrix metalloproteinase MMP7. ICAMS was elevated in other
forms of mterstitial lung disease, but since it is not otherwise increased in SJIA the authors
propose ICAMS as a valuable biomarker of SJIA-LD. Intriguingly, in some subjects the SJIA-
LD proteome profile occurred in the absence of high MAS activity, suggesting the possibility of
an “independent origin” of MAS and SJIA-LD, meaning that MAS and SJIA-LD are driven by
distinct pathogenic mechanisms, rather than a “sequential” model in which MAS directly

predisposes to SJIA-LD (26).

DRB1*15:XX and DiHS/DRESS-like reactions

A recent report by Saper, Ombrello and colleagues sought to better understand adverse outcomes
i children on IL-1/IL-6 antagonists by comparing 66 subjects with SJIA and apparent drug
reactions to 65 “drug-tolerant” SJIA controls (5). Features of DRESS among the first group
included eosinophilia, elevation of hepatic transaminases, and non-evanescent rash, including
facial edema characteristic of DRESS but unusual in SJIA. Critically, DRB1*15 was vastly over-

represented among patients with SJIA and DiHS-like reactions (75-93%) compared to drug-



tolerant patients, of whom 0% carried DRB1*15:01 and 18% carried any allele of DRB1*15.
(DRB1*15:01 predominates in white subjects whereas 15:03 and 15:06 are more common in
non-white subjects; we follow the convention of Saper, Ombrello and use the term
DRB1*15:XX to encompass all of these (27).) The fact that none of the 65 “drug-tolerant”
patients carried DRB1*15:01, an allele carried by 6-28% of individuals in the US (27), suggests
that the large majority of SJIA patients with this risk allele react adversely to the introduction of
drug. Among patients with DiHS-like reactions, 82% with SJIA-LD and 72% without SJIA-LD
expressed DRB1*15:XX; this allele is therefore a risk factor for DiHS-like reactions, not for
SJIA-LD independent of such reactions. However, because SJIA-LD occurred predominantly
among patients with DiHS-like reactions, these phenotypes are closely linked. MAS was also far
more common in patients with DiHS-like reactions (64% vs. 3% in drug-tolerant controls),
prompting the authors to speculate that DRESS might directly provoke MAS, although potential
mechanisms were not explored (5). Echoing these findings, in the recent report from Canna and
colleagues, DRB1*15:XX was present in 87% of the subjects with SJIA-LD in whom HLA

typing was available, and all had prior exposure to IL-1 or IL-6 blockade (20).

To classify patients as having DRESS, Saper, Ombrello and colleagues used the well-accepted
RegiSCAR criteria incorporating 8 clinical features: fever, lymphadenopathy, eosmnophilia,
atypical lymphocytosis, rash, skin histology, organ mvolvement (including hepatic transaminase
elevation), and persistence of symptoms for 15 days or more after drug withdrawal (28, 29).
Since many of these features overlap with those of active SJIA, a typical SJIA patient could
score in the range of “possible/probable” DRESS, potentially complicating the use of the
RegiSCAR criteria in this context. The authors were careful to point out, however, that most

patients met RegiSCAR criteria floridly and many exhibited facial edema and eosinophilia not



typical for SJIA (30). Saper, Ombrello and colleagues observed that patients who discontinued
biologics did better than those in whom treatment continued or was reintroduced, although many
SJIA-LD patients remain stable or even improve despite ongoing exposure to IL-1/IL-6 blockade
((3) and personal experience of the authors), unusual for DRESS, which typically progresses

until the offending agent is discontinued. How can we understand what is going on in these
patients, using the critical insight provided by the newly-recognized DRB1*15:XX association as

the stepping-off point?

HLA class Il and CD4 T cells in SJIA

DRB1*15:XX is part of the class II major histocompatibility complex (MHC) system. MHC II
presents peptide antigens to CD4+ T cells, allowing them to recognize antigen, become
activated, and undergo clonal expansion. As they do so, they differentiate from naive (ThO) cells
mto more specialized cell subsets, including Thl (making cytokines such as IFNy), Th2 (making
cytokines such as IL-4), Th17 (making cytokines such as IL-17), and regulatory cells (Tregs),

depending on the milieu in which the T cell develops.

DRBI1*15:XX is not the first MHC II allele linked to SJIA or its complications. In 2015,
Ombrello and colleagues observed that DRB1*11 and its associated haplotype (DRB1*11;
DQA1*05-DQBI1*03) predisposes to development of SJIA, drawing renewed attention to the
potential mvolvement of CD4+ T cells i this disorder, despite its autoinflammatory- like
phenotype (31, 32). However, DRB1*11 was not associated with development of DiHS-like

responses, and its odds ratio for incident SJIA (~2.3) was much lower than that of DRB1*15:XX

with apparent DiIHS (~40.8) (5, 31). Thus, these two MHC II alleles play very different roles:



DRBI1*11 predisposes to SJIA but not otherwise to SJA-LD, whereas DRB1*15:XX predisposes

for DiHS-type responses in patients who already have SJIA.

A key concept in T cell biology is phenotypic plasticity (reviewed i (33-37)). CD4+ T cells
exposed to cytokines and other cues can convert from Tregs to Th17 cells and vice versa (38-40),
from Th17 cells to Thl cells (41-43), and from Thl and Th17 cells to Th2 cells (44, 45). This
propensity grounds the so-called Biphasic Hypothesis of SJIA, which proposes that the IL-1/IL-
6-rich environment of early SJIA skews T cells away from beneficial Tregs and toward
pathogenic Thl7 cells, thereby mediating chronic arthritis (32, 46). While the Biphasic
Hypothesis remamns unconfirmed, some supportive evidence has emerged. Omoyinmi and
colleagues observed enrichment of circulating Thl and Th17 cells in patients with SJIA (47).
Henderson and colleagues found a Thl7 gene expression signature among T cells in SJIA
synovial fluid and blood, predommantly among unusual IL-17-producing Tregs in acute disease
and among effector Th17 cells in chronic disease, although the latter expressed little IL-17
protein (48). These findings plausibly reflect the known role of IL-1 and IL-6 n Th17
polarization and maintenance, since early IL-1 blockade largely abrogated Treg IL-17 expression
(39, 48-50). In chronic SJIA, effector Th cells also upregulated TNF, IFNa, and IFNy pathways,
underscoring the complexity of the adaptive immune response (48). Not explored i this study
was whether IL-1 blockade led to an alternative cytokine polarization pattern, in either the Treg
or Th cells, except that the Tregs appeared not to express IFNy protein. Analogously, Kessel and
colleagues found IL-17-expressing yo T cells in SJIA, potentially reflecting cytokine-driven
lymphocyte polarization beyond conventional CD4+ T cells (51). To date, no study has provided

comparable analysis of T cell cytokine/gene expression in SJIA with DiHS-lke features.



The DRESS Hypothesis revisited

With this background, we can better consider how DRB1*15:01 might lead to DiHS-like
reactions to IL-1 and IL-6 blockers. Saper, Ombrello and collaborators propose that anakinra,
canakinumab, and tocilizumab, or therr excipients (the vehicle and its associated components)
drive pathogenic T cell responses as antigens or by otherwise changing antigen presentation (5).
Strengths of this hypothesis are the DRESS-like phenotype of many drug-exposed patients with
SJIA; the improvement reported in some patients after drug discontinuation; the clinical
deterioration observed in some patients who remain on drug; and the extremely striking MHC II

association, strongly implicating an antigen-directed response.

The DRESS Hypothesis also faces some conceptual hurdles. Anakinra (IL-1 receptor antagonist,
IL-1ra) shares no antigen-length peptides with canakinumab or tocilizumab. Indeed, aside from
an N-terminal methionine, anakinra is identical with endogenous IL-1ra and should therefore
have limited antigenic potential. The only excipient shared by these agents is polysorbate-80, an
emulsifier that prevents protein aggregation. Polysorbate-80 is found in most monoclonal
antbodies and in many vaccines. Since polysorbate-80 is a heterogeneous chemical product, it is
conceivable that something might be different about the preparation employed in IL-1/IL-6

antagonists; however, its ubiquity renders this excipient a poor candidate trigger for DRESS.

Importantly, drugs can cause DRESS even if not themselves the antigen (52). First, they can bind
covalently to endogenous proteins; these haptenated antigens are then recognized by T cells as

foreign. Second, drugs can bind non-covalently to the MHC and/or the TCR outside of the



antigen binding pocket, leading to T cell activation in a manner reminiscent of bacterial
superantigens, agents that can even display HLA class Il allele specificity (53). Third, drugs can
bind within or otherwise modify the MHC groove, altering peptide specificity such that certain
self-peptides now appear foreign. IL-1 and IL-6 blockers could each be capable of one of these
mteractions with DRB1*15: XX, despite ther structural differences, or they could induce DiHS
via a new type of interaction yet to be described. The possibility that any — actually, all — of these
drugs interact with DRB1*15:XX to stimulate CD4+ T cells can (and should!) be tested directly
in vitro, for example by using activation-induced marker (AIM) or similar sensitive assays to

identify antigen-specific CD4+ T cells in patients (54).

Anakinra, canakinumab, and tocilizumab are used in diseases other than SJIA, such as
rheumatoid arthritis, polyarticular JIA, giant cell arteritis, and automflammatory diseases. In the
CANTOS trial, almost 7000 ndividuals with atherosclerotic cardiovascular disease and
persistent CRP elevation were treated with canakinumab for 48 months (55). Given a carrier
frequency of DRB1*15:XX of 15-29% i the US (27), one might have predicted DiIHS/DRESS
to develop regularly in these patient groups — something that simply hasn’t happened, apart from
isolated case reports cited by Saper, Ombrello and colleagues (5). They did observe 4 patients
with Kawasaki disease (KD) with suspected anakinra reactions (defined as eosmophilia >50%
greater than baseline), of whom 3 of 4 carried DRB1*15:XX, in contrast to 2/15 “drug-tolerant”
patients with KD (5). This small series is intriguing but might well reflect something shared in
the hyperinflammatory milieu of SJIA and KD — that is, a “drug-disease” interaction. We present

below one proposal for such an interaction.



An additional concern is that most HLA associations with DiHS/DRESS are with MHC class |
alleles, although well-described exceptions exist, including the association of DRB1*15:01 with
Stevens Johnson Syndrome/Toxic Epidermal Necrolysis in Han Chinese subjects (56, 57). Why
MHC I predominates over MHC II is not entirely clear but may have to do with another
interesting observation: DRESS is often accompanied by reactivation of human herpes virus 6
(HHV6) and other herpesviruses such as Epstein Barr Virus (EBV). One theory is that the
expanded MHC I-restricted CD8+ T cell clones that recognize reactivating herpesviruses
coincidently cross-recognize drug, inducing DRESS via molecular mimicry (58). Whether
reactivation or de novo infection with HHV6, EBV, or other herpesviruses occurs in patients

with SJIA and DiHS needs to be explored, particularly since CD8+ T cell responses could
underlie the increase in IFNy production and T cell activation profile observed n SJIA-LD (3). It
is worth noting that the DRESS Hypothesis requires that three structurally distinct biologics each
represent an outlier among known drug-MHC-DRESS associations, and then each

(coincidentally) with the same MHC II allele.

A final issue, noted above, is that ~25% of patients with SJIA-LD have never been exposed to
IL-1 or IL-6 blockers, seemingly excluding any pathogenic role for biologic therapy in this
subset of patients. It will be interesting to investigate whether eosinophilia or other DRESS-like
manifestations occur in patients with SJIA not exposed to biologics, and if so whether such
patients express DRB1*15:XX. Such patients would not have been detected by the recent Saper,

Ombrello study since its case/control design required all patients to be drug-exposed (5).

The Cytokine Plasticity Hypothesis



Boiled down, the key feature of the DRESS Hypothesis is that IL-1 and IL-6 blockers drive
DiHS via antigen presentation — either as the source of peptide or by altering the peptide:MHC
ILTCR complex. We propose instead an alternative we term the Cytokine Plasticity Hypothesis,
that it is the biologic activity of IL-1 and IL-6 blockers that sets the stage for DiHS-like reactions

and even SJIA-LD in predisposed patients.

The association of DRB1*15:XX implies a pathogenic role for CD4+ T cells. The antigens
recognized by these T cells could originate from self-proteins, commensal organisms, pathogens,
or other exposures. For the sake of the Cytokine Plasticity Hypothesis, the identity of the antigen
is not crucial. Rather, as with the Biphasic Hypothesis, the key is the inherent susceptibility of

CD4+ T cells to change phenotype in response to environmental cues.

Prior to treatment, patients with SJIA will have a diverse population of CD4+ T cells, potentially
including expanded Th and Treg clones. Through genetic, environmental, age-dependent, and
stochastic factors, patients will differ from one another in the balance of Th effector profiles
among these clones. Some clones exhibit Thl7 features, as identified by Henderson and
colleagues (48), whereas others exhibit Thl or Th2 differentiation. The Cytokine Plasticity
Hypothesis proposes that biologics shift the balance of some of these T cells away from the IL-
1/IL-6-driven Th17 phenotype. In patients predisposed to develop SJIA-LD, we speculate that
the phenotypic switch is predommantly from Th17 to Thl, with associated production of I[FNy.
Such a Th switch could be facilitated by other risk factors epidemiologically associated with
SJIA-LD, including (again speculatively) young age, high levels of circulating IL-18 and other
mediators (59-61), and trisomy 21. For example, trisomy 21 is associated with upregulation of

[FNy and its receptor (62), expansion of Thl and Th1/Th17 T cells (63), and higher levels of



other pro-inflammatory cytokines including TNF and IL-6 (64). By contrast, for clones
exhibiting a Th2 bias, blocking IL-1 or IL-6 might promote Thl7-to-Th2 conversion leading to a
DiHS-type response. Under the right conditions, such clonal skew could happen even in the
absence of exogenous manipulation, enabling the Cytokine Plasticity Hypothesis to account for

patients who develop SJIA-LD without exposure to IL-1 or IL-6 antagonists.

How might DRBI1*15:XX predispose to DIHS/DRESS-like reactions and/or SJIA-LD under the
Cytokine Plasticity Hypothesis? One pathway is suggested by the association of HLA-
DRBI1*15:01 with allergic bronchopulmonary aspergillosis (ABPA) (65, 66). Experimental data
show that this risk allele skews T cells to differentiate toward Th2 rather than Thl cells when
encountering Aspergillus fumigatus, resulting in allergy-like hypersensitivity instead of pathogen
clearance (67). In patients with SJIA carrying DRB1*15:XX, IL-1 or IL-6 blockade might favor
expansion of related Th2 clones in response to Aspergillus, leading to a DiHS-type response.
Importantly, this possiility generates testable predictions: these SJIA patients might have
elevated Aspergillus-specific IgE titers, CD4+ T cells activatable in vitro in response to
Aspergillus-derived peptides, or tetramer-binding CD4+ T cells specific for Aspergillus-derived
peptides presented by DRB1*15:XX. Of course, the universe of allergens/antigens is vast. Cross-
reactivity to foreign antigens has been proposed to drive the risk of multiple sclerosis associated
with DRB1*15:XX, implicating peptides from EBV and from the abundant gut gram negative
anaerobe Akkermansia muciniphila, including some peptides that (as with ABPA) favor Th2-
predominant responses, although the mechanisms underlying this MHC class II-influenced Th2
skewing remain unknown (67, 68). Endogenous antigens, potentially modulated with the

inflammatory milieu of SJIA, might also be presented. The central pomt is that a wide range of



DRBI1*15:XX-presented antigens are plausible drivers of SJIA-LD under the Cytokine Plasticity

Hypothesis.

Like the DRESS Hypothesis, the Cytokine Plasticity Hypothesis confronts certain challenges.
The clonal shifts proposed remain to be confirmed experimentally. Acute anaphylactic reactions
to tocilizumab are difficult to explain under the Cytokine Plasticity Hypothesis, although IgE-
mediated reactions are also uncharacteristic of DRESS (69). Why are patients with SJIA (and
possibly KD) susceptible to this complication while those with other inflammatory diseases
remain protected? How does the Thl and/or Th2 shift cause alveolar macrophage dysfunction
manifesting as PAP — also an unusual pulmonary manifestation of DRESS (70)? Most of these

mechanistic unknowns are shared with the DRESS Hypothesis.

The Cytokine Plasticity Hypothesis also has strengths (Table 1). Most importantly, it explains
how biologic-naive patients might develop the same phenotype as biologic-exposed children. By
mvoking non-drug antigens as the disease trigger, it explains how reactions to three structurally
unrelated biologics could share the same HLA association, and potentially why the incidence of
DRESS-like reactions and of SJIA-LD varies across regions of the world, with age, and with
duration from first exposure to drug (7, 14, 71, 72). To the extent that corticosteroids and other
non-biologic immunomodulators keep pathogenic T cells in check, the Cytokine Plasticity
Hypothesis offers a plausible mechanism by which reduced reliance on these agents might
contribute to the increasing incidence of SJIA-LD. Fmally, whereas DRESS progresses with
continued drug exposure, the Cytokine Plasticity Hypothesis implies that some patients could
remain stable or even improve despite ongoing IL-1/IL-6 blockade if the pathogenic cytokine /

cellular milieu is otherwise remediated — a difference of major clinical importance.



Two Hypotheses — Next Steps

We present two hypotheses to explain the association of adverse reactions to IL-1 or IL-6
blockade with DRB1*15:XX (Figure). Other hypotheses could also be entertained. For example,
the HLA association might reflect not DRB1*15 itself but instead another linked gene (C2, C4,
HSP and TNF are encoded nearby). SJIA-LD might arise through an infection yet to be
identified, potentially one to which SJIA patients with particular HLA alleles and on cytokine
antagonists are especially susceptible. Even if not exhaustive of all possible explanations, the
contrast between the DRESS Hypothesis and the Cytokine Plasticity Hypothesis provides a

useful foundation to develop a scientific agenda for future research (Table 2).

The main differences between these ideas are the roles of the IL-1 and IL-6 blocking drugs and
the identities of the DRB1*15:XX-presented antigens. Under the first hypothesis, the drugs cause
disease via antigen presentation. Under the second, the drugs alter the cytokine milieu in which
Th and other cells develop and differentiate. A key experimental question is whether patients
with SJIA and DiHS/DRESS-like syndromes and/or SJIA-LD have T cells that react to these
drugs, or not. If the second hypothesis is correct, defining the critical antigens could begin with
mvestigation of DRB1*15-presented pathogens, including Aspergillus, EBV, and Akkermansia
muciniphila, and by testing whether onset of DiHS-like responses and/or SJIA-LD coincides

with EBV seroconversion, as observed recently for multiple sclerosis (73).

Notably, the cytokine and chemokine milieu of SJIIA, MAS, DiHS/DRESS-like syndromes, and
SJIA-LD may not differentiate the two hypotheses. Under either, patients with DiHS-like
reactions will likely exhibit a Th2 profile, patients with MAS / SJIA-LD will exhibit a Thl

profile, and some patients may have both. It will be essential to evaluate patients who have not



been previously exposed to IL-1 or IL-6 blockers and yet go on to DiHS-like reactions and/or

SJTA-LD, as well as to study patients with SJIA-LD risk factors such as young age, a history of
MAS, and trisomy 21. Such patients might for example exhibit a Thl-predominant profile even
before development of SJIA-LD, in contrast to the Thl7 profile described in other patients with
SJIA (47, 48). Importantly, basic investigations of the mechanisms of PAP in SJIA are needed,
as neither hypothesis clearly delineates how this pathology arises, although the observation that
PAP arises in mice whose T cells overexpress the Thl transcription factor T-bet represents an

enticing clue (17).

Fundamentally what the field needs most is detailed information about more patients. This will
require coordinated efforts of clinicians with basic and translational investigators. Thankfully,
the Childhood Arthritis and Rheumatology Research Alliance (CARRA), the Paediatric
Rheumatology International Trials Organisation (PRINTO), the Paediatric Rheumatology
European Society (PReS), and other collaborative networks are well-positioned to collect clnical
data on a broad range of patients with SJIA. For mnvestigative discovery, it will be informative to
collect HLA typing on all subjects with SJIA. Organized efforts to harvest T cells from both
DRB1*15:XX-positive and -negative subjects will be critical to determine if subjects with DiHS-
like reactions have drug-reactive T cells and to explore other candidate antigens. Analyzing the
apparently rare patients with SJIA who express DRB1*15:XX but do not develop DiHS-like
reactions in response to IL-1 or IL-6 blockade could reveal protective factors, for instance more
liberal use of corticosteroids and other immunomodulators. Basic investigations n DRB1*15:01

(DR2) transgenic mice in conjunction with existing models of SJIA might also be informative, as

it has been n ABPA (67).



While the field works to understand disease pathogenesis in greater depth, the immediate
challenge is how to manage our patients. Should clinical HLA typing be performed on all
patients with SJIA, and should detection of DRB1*15:XX be considered a contraindication to
IL-1 and IL-6 blockade? Should patients who develop eosinophilia, transaminase elevation, or
rash while on IL-1 or IL-6 blockade stop drug immediately and thereafter avoid these biologics
altogether? If so, what other therapies could be substituted? Avoiding the offending agents
makes sense under the DRESS Hypothesis, based on the observation from Saper, Ombrello that
the 26% of their patients with DRESS-like reactions who stopped IL-1 or IL-6 blockade
demonstrated resolution of eosinophilia, rash, and transaminase elevation, whereas some of those
who continued treatment had worse outcomes including death (5). The difficulty is that IL-1 and
IL-6 blocking agents are exquisitely effective for SJIA, with few available alternatives. Many
rheumatologists (and families) are therefore understandably hesitant to discontinue them,
particularly in the sickest children — a key confounder in the comparison between patients who
tolerated stopping biologics with patients who had to continue or even restart these agents. Saper
and colleagues reported resolution of SJIA-LD i three patients in whom IL-1 or IL-6 blockade
was stopped within 6 weeks of detection of the SJIA-LD; they further suggested that longer
duration of biologic exposure might increase the risk of SJIA-LD, although this is again
confounded by indication, as patients with more severe SJIA are more likely to be on biologics
longer (74). In contrast, Schulert et al. elected to mamntain IL-1 or IL-6 blockade in all 18 patients
in their SJIA-LD series, with clinical stability in 14 patients and even improved lung disease in
three (3). The Cytokine Plasticity Hypothesis suggests that it is premature to assume that drug
discontinuation is the only correct answer to DiHS-like reactions and/or SJIA-LD, although in

some patients interrupting therapy may be useful.



The framework ofthe Cytokine Plasticity Hypothesis provides a new way to approach clinical
questions. Highly targeted biologics could be foo specific for some patients with SJIA, shifting
the cytokine milieu without providing sufficient global immune suppression. Perhaps patients at
particular risk for DiHS-like reactions and SJIA-LD (DRB1*15:XX, young age, severe disease
with MAS, trisomy 21) are not good candidates for monotherapy with IL-1 or IL-6 antagonists.
Instead, these patients might benefit from therapeutic strategies that combine these biologics

with corticosteroids and/or agents that target T cells (e.g. methotrexate, mycophenolate mofetil,
tacrolimus, abatacept) to address both innate and adaptive immune contributors. Where possible,
we think it is reasonable to perform HLA typing on all patients with SJIA at disease onset, and to
monitor all patients with care when using IL-1 or IL-6 blockers since adverse reactions can occur
even in patients lacking the risk alleles. However, we would not avoid starting IL-1 and IL-6
antagonists while awaiting these results and believe that IL-1 or IL-6 blockade should remain an
important component of initial therapy for most patients with new-onset SJIA, even if risk alleles

are present.

How best to treat patients who do progress to SJIA-LD remains an enormous and important
challenge for the field. In addition to the T cell targeting agents mentioned above, clinicians are
currently using Janus kinase (JAK) inhibitors, the anti-IFNy monoclonal antibbody emapalumab,
and other approaches. Prospective studies to evaluate these therapeutic approaches are necessary
and should be supported by our field’s collaborative research groups. Most importantly, patients
and families need reassurance that their care team is fully informed about these emerging
concerns, paying close attention to the known risk factors, and working alongside them to

develop thoughtful, tailored treatment plans.



Conclusion

Pediatric rheumatology faces a conundrum posed by the twin complications of DiHS-like
reactions and SJIA-LD. We present two reasonable explanations for these phenomena — the
DRESS Hypothesis and the Cytokine Plasticity Hypothesis. Our hope is that consideration of
these alternatives, potentially together with others, will stimulate targeted studies across clinical,

translational, and basic domains. Our patients are counting on us.
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Figure Legend

Figure: SJIA, MHC Class II, and adverse outcomes after IL-1 and IL-6 blockade — Two
Hypotheses.

In the DRESS Hypothesis, IL-1 and IL-6 antagonists alter antigen presentation by MHC II to
CD4+ T cells, leading to a Th2-dominated drug reaction with eosinophilia and systemic
symptoms (DRESS). Many DRESS reactions involve herpesvirus reactivation and thus CD8+ T
cell activation, factors yet to be studied in SJIA. DRESS may then predispose to macrophage
activation syndrome (MAS) and/or SJIA lung disease (SJIA-LD) through pathways still to be
defined. Under the Cytokine Plasticity Hypothesis, elevated IL-1 and IL-6 levels in SJIA lead to
Th17 skewing in CD4+ Th and Treg cells. Blocking IL-1 or IL-6 converts these cells to [FNy-
producing Thl cells and/or IL-4-producing Th2 cells, in particular CD4+ T cells recognizing
HLA-DRB1*15:XX-presented antigens (exogenous or endogenous). Some patients may undergo
analogous transitions without exposure to therapeutics. The resulting clones lead to DRESS-like
reactions and/or SJIA-LD through pathways still to be defined. The critical difference between
these hypotheses is the contribution of the IL-1 and IL-6 blocking agents. Abbreviations: DRESS
— drug reaction with eosinophilia and systemic symptoms, Eos — eosinophils, LD — lung disease,
MAS — macrophage activation syndrome, SJIA — systemic juvenile idiopathic arthritis. Figure
created in part using BioRender.
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DRESS Plasticity

Hypothesis Hypothesis
Eosinophilia v v
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No drug exposure in some v
Structurallyunrelated but biologically v
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Low frequencyof DHR inother diseases v
treated with these drugs
Anakinrais a self protein
Manypatients cancontinue drug
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Pulmonary Alveolar Proteinosis (PAP) ? ?

Table 1: Comparison oftwo hypotheses to explain how IL-1 or IL-6 blockingagents might
contribute to SJIA-assocdiated drug-induced hypersensitivity syndrome (DiHS) and/or SJIA lung
disease.



Clinical Research

Develop classification criteria for SJIA-DiHS/DRESS-like reactions and SJIA-LD.

CollectHLA class I typing on large, diverse, well-characterized populations of SJIA patients.
Translational Research

Determine ifHHV6 (orotherviral reactivation) occurs in SIIA-DHR/DRESS-like reactions.

Determine if DiHS/DRESS-like reactions or SJIA-LDis associated with prior Aspergillus or EBV exposure or presence of
Akkermansia muciniphilain gut microbiome

Basic Research
DetermineiflL-1/IL-6 blockers activate CD4 T cellsina DRB1*15:XX-dependent fashion.
Characterizethe Th cellgene/cytokine expression profile of “high risk” SJIA vs. typical SJIA.

Understand mechanisms driving pulmonary alveolar proteinosis (PAP) in SJIA.

Table 2: Keyresearch foci and questions for SJIA investigators
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