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T cells are considered autoimmune effectors in juvenile idiopathic arthritis (JIA), but
the antigenic cause of arthritis remains elusive. Since T cells comprise a significant
proportion of joint-infiltrating cells, we examined whether the environment in the joint
could be shaped through the inflammatory activation by T cells that is independent
of conventional TCR signaling. We focused on the analysis of synovial fluid (SF) col-
lected from children with oligoarticular and rheumatoid factor-negative polyarticular
JIA. Cytokine profiling of SF showed dominance of five molecules including IL-17A.
Cytometric analysis of the same SF samples showed enrichment of ap T cells that lacked
both CD4 and CD8 co-receptors [herein called double negative (DN) T cells] and also
lacked the CD28 costimulatory receptor. However, these synovial ap T cells expressed
high levels of CD31, an adhesion molecule that is normally employed by granulocytes
when they transit to sites of injury. In receptor crosslinking assays, ligation of CD31
alone on synovial CD28™'CD31+ DN afT cells effectively and sufficiently induced phos-
phorylation of signaling substrates and increased intracytoplasmic stores of cytokines
including IL-17A. CD31 ligation was also sufficient to induce RORyT expression and
trans-activation of the IL-77A promoter. In addition to T cells, SF contained fibrocyte-
like cells (FLC) expressing IL-17 receptor A (IL-17RA) and CD38, a known ligand for
CD31. Stimulation of FLC with IL-17A led to CD38 upregulation, and to production
of cytokines and tissue-destructive molecules. Addition of an oxidoreductase analog
to the bioassays suppressed the CD31-driven IL-17A production by T cells. It also
suppressed the downstream IL-17A-mediated production of effectors by FLC. The
levels of suppression of FLC effector activities by the oxidoreductase analog were
comparable to those seen with corticosteroid and/or biologic inhibitors to IL-6
and TNFa. Collectively, our data suggest that activation of a CD31-driven, afTCR-
independent, IL-17A-mediated T cell-FLC inflammatory circuit drives and/or perpet-
uates synovitis. With the notable finding that the oxidoreductase mimic suppresses
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Ferguson et al.

CD31/IL-17A Axis of Synovitis in JIA

the effector activities of synovial CD31+CD28™" afT cells and IL-17RA+*CD38* FLC,
this small molecule could be used to probe further the intricacies of this inflammatory
circuit. Such bioactivities of this small molecule also provide rationale for new trans-
lational avenue(s) to potentially modulate JIA synovitis.

Keywords: CD31, double negative alpha beta T cells, fibrocyte-like cells, IL-17, juvenile idiopathic arthritis,
oxidoreductase, synovial inflammation, TCR-independent

INTRODUCTION

Juvenile idiopathic arthritis (JIA) is a highly prevalent rheumatic
disease of childhood before the age of 16 years. It is a genetic
and clinical entity distinct from adult-onset rheumatoid arthritis
(RA). The clinical subtypes of JIA have their own treatment
patterns and prognostic courses (1). Thus, elucidating immu-
nopathways unique to JIA may be informative for therapeutic
innovations.

Multiple HLA associations of JIA implicate involvement
of T cells (2). Oligoclonal expansions of these cells in blood
and synovial fluid (SF) are well documented (3). However, the
antigenic driver(s) of oligoclonality, or antigenic cause(s) of JIA
disease remain elusive. Nevertheless, T cells play a role in JIA
pathogenesis as they comprise a significant proportion of joint-
infiltrating cells (4, 5).

Early studies on T cells in JIA showed many cells lacked
expression of the costimulatory molecule CD28 (6). We have
reported that there is a pervasive CD28™"CD8* T cell population
in oligoarticular and rheumatoid factor (RF)-negative polyar-
ticular JIA (7), the two most prevalent clinical subtypes. CD28 is
required to sustain T cell activation, but is irreversibly lost with
chronologic aging (8). Aged human CD28™! CD4* and CD8*
T cells are nonetheless functionally active (9), due in part to
de novo expression of other molecules such as NK-related recep-
tors CD56 and NKG2D that are capable of directly activating
T cells (10). In JIA, we reported the in vivo accumulation of
CD28™!CD8* T cells disproportionately with age (7). This CD8
subset is prematurely senescent as indicated by their shortened
telomeres, limited proliferative capacity, and expression of mitotic
inhibitors. Furthermore, they express CD31, a receptor normally
employed by granulocytes during their entry into sites of injury
(11). In mice, CD317~ granulocytes are unable to traverse endothe-
lial barriers (12). Thus, accumulation of CD31*CD28™!CD8*
T cells in JIA SF suggests their pathogenic role.

We sought to further evaluate the functional relevance of CD31
expression on joint-infiltrating T cells. We analyzed SF from
another JIA cohort. Here, we report a subset of CD31*CD28™!
af T cells that lack expression of both CD4 and CDS8, referred to as
double negative (DN) T cells. We hypothesized that CD31-driven
T cell activation elaborates an inflammatory signature of SE Of

Abbreviations (non-standard Immunology): ANA, anti-nuclear antibody; DN,
double negative; FLC, fibrocyte-like cells; IL6i, clinically used biologic inhibitor
of IL-6; JIA, juvenile idiopathic arthritis; MnT2E, Mn(III) meso-tetrakis(N-
ethylpyridinium-2-yl)porphyrin; RA, rheumatoid arthritis; RE, rheumatoid factor;
SE, synovial fluid; SFMC, mononuclear cells in SF; TNF, clinically used biologic
inhibitor of TNE

interest is whether synovial CD31*CD28™" DN and CD8" af T cells
respond similarly, or differently, to CD31 triggering. A corollary
hypothesis is whether molecular effector(s) derived from CD31-
activated synovial afT cells leads to downstream activation of
other SF mononuclear cells (SFMC) thereby compounding local
inflammation.

MATERIALS AND METHODS

Human Subjects and Biological

Specimens

Institutional Review Boards of the University of Pittsburgh
approved all research protocols. Written informed consent
from parents/legal guardians, and assent of child subjects as
appropriate, were obtained. Children with oligoarticular or RF~
polyarticular with JIA were recruited from the Rheumatology
Clinic of Children’s Hospital of Pittsburgh. RF* polyarthritis,
enthesitis-related arthritis, and psoriatic arthritis were excluded
since these are considered separate genetic and clinical entities
(13, 14). Patients undergoing arthrocentesis were targeted as
donors of SE. Blood were also collected from our broader JIA
patient base. Similar blood samples were collected from healthy
controls, or those de-identified waste/residual clinical samples
from our Clinical Laboratory Services.

As we have done in previous studies (7, 15-17), cell-free
plasma was prepared by low speed centrifugation of blood.
Similar centrifugation was carried out to isolate cell-free SF
preparations from whole SE Blood and SF samples with evidence
of hemolysis were not used for these cell-free preparations. The
centrifuged blood and SF samples were subsequently used to
isolate peripheral blood mononuclear cells (PBMC) and SEFMC,
respectively, by standard isopycnic centrifugation. Cell contami-
nation of plasma/SF preparations, and cell viability of PBMC/
SEMC were verified by trypan blue staining, and/or by live cell
counting using Countess II (Life Technologies). Aliquots of
cell-free plasma/SF were stored in —80°C freezer until analysis.
PBMC and SFMC aliquots were cryopreserved using a standard-
ized protocol that we had validated previously to yield >90%
recovery (7, 16).

Flow Cytometry

Multicolor cytometry was performed on SFMC and PBMC
stained with fluorochrome-conjugated antibodies to cell surface
and intracellular markers. All samples included a cell viability dye
(ZombieUV™, BioLegend), which was used for the electronic
gating of live cells. Raw cytometry data were acquired using a
custom 5-laser Aria II cytometer (BD Biosciences). Off-life
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analyses of cell populations were performed using Flow]Jo soft-
ware (Tree Star). Inmunostaining, instrument calibration, signal
optimization, and off-line analyses employed our standardized
procedures (7, 16).

We focused on conventional T cells defined as TCRof* (T10B9,
BD), and were examined for expression of CD4 (OKT4, BD),
CD8 (RPA-T8, BioLegend), CD28 (CD28.2, Novus Biologicals),
and CD31 (2HS8, Abcam). Discrimination of affT cell subsets
was achieved by exclusion staining for ydT cells (5A6.E91,
ThermoFisher), monocytes (CD14: M5E2, BD), B cells (CD19:
SJ25-C1, BD), NK cells (CD16/CD56: 3G8/NCAM16.2, BD), and
plasma cells (CD138: 281-2, BD).

Non-lymphoid SFMC were also screened for co-expression
of procollagen 1 (2Q576, Abcam) and proline-4-hydroxylase
(EPR3661, Abcam), markers of mesenchymal fibrocytes report-
edly found in circulation especially during injury (18). Since
these markers are also characteristic of tissue fibroblasts (19, 20),
we coined the term “fibrocyte-like cells (FLC)” reflecting their
yet undetermined origin. We employed an immunostaining
protocol for FLC by excluding the above mentioned hemat-
opoietic markers and also tissue macrophages (CD68: Y1/82A,
BD) in a single channel. For FLC, we screened for expression of
IL-17 receptor A (IL-17RA) (0A01905, BD) and CD38 (HIT2,
BioLegend).

Multiplex Analyses of Cell-Free SF

and Plasma

A panel of 25 cytokines/chemokines was examined based on
a broader global cytokine screening reported by de Jager et al.
(21) and from our survey of current literature about their
relevance to inflammation in general, and in disease settings of
non-infectious arthritis. Using a customized kit (MILLIPLEX®
MAP, Millipore Sigma) cytokine analyses were performed
using previously standardized Luminex procedures (7). Raw
data were acquired using MAGPIX or BioPlex200 (BioRad).
Data quality was ascertained by a standard curve for each plate.
We routinely set two overlapping standard curves, above and
below the manufacturer’s recommended setting. These plate
curves were then used to determine confidence intervals in
the construction a normalization curve. The latter was then
used to adjust intra-plate variations and to calculate cytokine
concentrations.

T Cell Bioassays

Preparation of cells for intracellular cytometry followed previous
procedures (7, 16). CD31*CD28™! DN and CD8 ofT cells were
enriched from SFMC using EasySep (Stem Cell Technologies);
preparations >85% enrichment used in experiments. Jurkat and
JRT3 (both purchased from ATCC) were used as cell models for
CD31*CD3*TCR*, and CD31*CD3"TCR", respectively; these
phenotypes verified by cytometry. Receptor crosslinking was
performed according to previous procedures (7) using anti-CD31
(WM59, ab218, Abcam), anti-CD3 (OKT3, Centocor Ortho
Biotech), anti-TCRaf (1P26, BioLegend), or normal mouse Ig
(BD) as stimulators. Crosslinking was achieved by excess amount
of Cy5-conjugated anti-mouse Ig (BioLegend). Cytometry was

performed by gating on cross-linked af T cells, visualized as Cy5*
cells that were also CD8*CD4~ or CD4-CD8".

For some cultures, two small molecule inhibitors were added.
One is Imatinib (Gleevec®, Selleck Chem), an inhibitor of cata-
Iytically active cAbl kinase that is currently used in the treatment
of chronic myelogenous leukemia (CML) (22). It was added at
50 nM. The other is Mn(III) meso-tetrakis(N-ethylpyridinium-
2-yl)porphyrin (MnT2E), a Mn porphyrin mimic of superoxide
dismutase that was originally developed to neutralize the
tissue-destructive effects of superoxide (23). It has been shown
experimentally to also inhibit the DNA-binding activity of NFxB
(24). It was added at 34 uM (GMP grade, provided by Albany
Molecular Research Inc., to JDP). The concentrations of Imatinib
and MnT2E used were empirically determined as non-toxic
(>95% cell viability).

For intracellular detection of IL-6 (AS12, BD), IL-17A
(BL168, BioLegend), TNFa (Mab11, BD), and IFNy (B27, BD),
and RORyT (Q21-559, BD), a regulator IL-17A gene trans-
cription (25), the crosslinked cells were cultured for 6 h in the
presence of GolgiPlug™ reagent (BD) (7) in 7.5% CO; at
37°C. For signaling intermediates, the phosphorylated forms
of ZAP70 (Y272; J34-602, BD), serine-threonine kinase Akt
(S473; M89-61, BD), p16 subunit of NFkB referred to as Rel A
(S529; K10-895.12.50, BD), and Abelson kinase cAbl (Y245;
ab62189, Abcam) were examined within 10 min of receptor
crosslinking. These signaling phosphoproteins were identified
from empirical proteomic screening (Hypromatrix). All intra-
cellular cytometry procedures were performed according to our
previous protocols (7).

Confocal Microscopy

Cells were incubated with anti-CD31 as described above. This
was followed by crosslinking with anti-IgG immobilized onto
microbeads labeled with Allophycocyanin (Spherotec). After
10 min, cells were fixed in paraformaldehyde, permeabilized
with 0.1% Triton-PBS, washed, and blocked in 20% donkey
serum. Cells were then incubated for 18 h with anti-phospho-
Y245 cAbl (ab62189, Abcam) at 4°C, followed by anti-IgG
conjugated with fluorescein isothiocyanate (Abcam) for 2 h
at room temperature, counterstained with 4',6-diamidino-2-
phenylindole (Invitrogen), and applied to a glass coverslip with
Aqua PolyMount. Images were acquired on an Fluoview 1000
confocal microscope (Olympus).

FLC Bioassays

SEMC were first cultured overnight. The plastic-adherent cells
were expanded to >70% confluence. Purity of the cultures
determined cytometrically. FLC between second and fifth pas-
sages were incubated with or without non-toxic 20-2,000 ng/ml
recombinant IL-17A (R&D Systems). In other experiments, FLC
were cultured in 200 ng/ml IL-17A with the addition of 5 uM of
a corticosteroid (Triamcinolone Acetonide, Aristospan®) or the
biologic inhibitor of TNF (TNFi) Infliximab (Remicade®), or the
biologicinhibitor of IL-6 (IL6i) Tocilizumab (Actemra®); or 34 uM
MnT2E. After 24 h, CD38 expression was measured cytometrically,
and the types and concentrations of soluble factors in the culture
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supernatant were examined by Luminex using a kit (LXSAHM18,
R&D Systems). Thiskit consists of 18 molecules based on the global
SF screening of de Jager et al. (21) and reports about IL-17A-
induced molecules in other experimental systems including adult
arthritis (26-29).

Transient Transfection

With their homogeneous phenotype, Jurkat and JRT3 were
used to test specifically the CD31-driven induction of IL-17A.
Twenty pg luciferase plasmid reporter controlled by full-length
IL-17A gene promoter (30), and 20 ng pRL Renilla luciferase
plasmid (Promega) were co-transfected into 1 X 10° cells using
Lipofectamine (ThermoFisher). Subsequently, receptor cross-
linking was performed as described above. As system control,
transfected cells were also stimulated with phorbol myristyl
acetate (PMA) and ionomycin. Normalized luciferase reporter
activity was determined as described previously (30).

Statistical Analysis

Data analyses were performed using SPSS software (V24, IBM).
Due to intrinsic individual variations, data from T cell and
FLC bioassays were normalized by expressing each response
as stimulation index, or as percent (or fold) induction above
or below the media or IgG controls as we have done previously
(7). Stimulation indices were calculated from the difference
of the experimental value and the media control divided by
the appropriate IgG isotype control or solvent/carrier media
as in the case of bioassays with Imatinib and MnT2E. We
used this procedure reproducibly in a variety of experimental
settings (7, 9, 16, 31-33). Kruskal-Wallis analysis of variance
(ANOVA) was performed and post hoc pair-wise compari-
sons used the Tukey statistic. P-value <0.05 was considered
significant.

RESULTS
Characteristics of the Study Cohort

Consistent with epidemiologic studies (34) JIA patients exam-
ined were predominantly female as shown in Table 1. This
gender-bias was used as reference for the random subsampling
of an equivalent female-biased healthy group. The entire cohort
was predominantly Caucasian, representative of our patient
population. Patients had long-standing oligoarticular or RF~
polyarticular disease. They had varying age of disease onset and
disease duration. There were no blood and SF samples from
the same patient. Donors of SF were slightly older. There were
multiple medications used, including topical steroids mirroring
the patients with confirmed uveitis. None of the patients were
newly diagnosed cases. Although anti-nuclear antibody (ANA)
serology data were not available for all patients, about half of
those tested were ANA*. At the time of consent/assent, patients
had 1-3 swollen large joints.

Predominance of Five Cytokines in SF
Cytokines are recognized effectors of inflammation in JIA and
have become therapeutic targets for neutralization using specific

TABLE 1 | Characteristics of study cohort?.

Healthy Oligoarticular Rheumatoid
juvenile factor-
idiopathic polyarticular
arthritis (JIA) JIA
Specimen type Blood Blood Synovial Blood SF
fluid (SF)
Number of samples 30 (4) 32 39 (2) 30 15
(# Black)
Sex, female/male 17/13 20/12 25/14 18/12 9/6
Mean age, years
Boys
At sampling 8.99 9.43 11.37 10.7 16.26
At disease onset (n/a) 6.96 9.55 5.84 8.19
Girls
At sampling 12.7 9.61 10.12 10.7 16.03
At disease onset (n/a) 6.37 6.64 6.4 5.7
Mean of disease (n/a) 3.62 2.71 4.5 10.44
duration (years)
Medication®
NSAID (n/a) 25 25 16 9
Steroids, oral (n/a) 2 1 2 1
Steroids, IA (total (n/a) 10 (20) 39 (62) 922 15(18)
joints injected)
Steroids, IV (n/a) 0 0 0 0
Steroids, topical (n/a) 0 6 0 1
Methotrexate (n/a) 12 7 19 5
Biologic agents (n/a) 4 1 8 3
Other DMARD (n/a) 2 2 2 3
Anti-nuclear antibody* (n/a) 16 (30) 15(38) 719 5(15)
(number subjects tested)
Number of involved (n/a) 1.08 1.58 2.27 1.83
joints at sampling
Uveitis history (n/a) 0 6 0 1

“Blood and SF aspirates were obtained at during routine medical visits of patients.
There were no paired blood-SF samples.

bMedications were tallied at the time of consent/assent. Some patients were taking
multiple medications. NSAID: meloxicam, ibuprofen, tolmentin, naproxen, diclofenac,
and indomethacin. Biologic agents: etanercept, adalimumab, and infliximab. Other
DMARD: sulfasalazine and hydroxychloroquine.

(n/a), not applicable; DMARD, disease modifying anti-arthritic drug; IA, intraarticular
injection; IV, intravenous injection; NSAID, non-steroidal anti-inflammatory drug.

antibody blockers (35). Here, our primary goal was to examine
the microenvironment of the JIA joint. Accordingly, experiments
focused on SE, using PBMC and plasma from healthy controls
and patients as internal references for SFMC phenotyping and
cytokine profiling of cell-free SE respectively.

Of 25 cytokines and chemokines examined, Figure 1 shows
IL-6, IL-10, IL-17A, IFNY, and TNFa were found at significantly
higher concentrations in SF compared to plasma. The cytokine
SF/plasma levels of the two patient groups were equivalent.
However, plasma levels of these five cytokines were not signifi-
cantly different between patients and controls. Plasma cytokine
levels were generally low. As depicted, IL-2 levels were not differ-
ent between the subject groups thereby establishing confidence
of the multiplex assay.

CD31+CD28"™" DN af T Cells Constitute

a Major Cellular Component of SF
We reported previously that JIA carry CD31*CD28™!CD8* T cells
(7). Figure 2A illustrates the cytometry gating strategy for SEMC
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FIGURE 1 | Cytokine profiles in blood and cell-free SF of JIA patients. Data
shown (n = 15-39 per group as in Table 1) are box-median-whisker plots
of the five most dominant cytokines found in SF compared to plasma. The
boxes represent the 25th and 75th percentile of values. The whiskers were
the 5th and 95th percentile of values. There was not a global cytokine
upregulation as shown by negligible detection of IL-2. The indicated
P-values were determined by Kruskal-Wallis ANOVA. Between group
comparisons were made using the post hoc Tukey statistic: [***], [**], and [*]
P < 0.005, P < 0.01, and P < 0.05, respectively, indicate JIA SF is
significantly different from healthy and JIA plasma; [@] indicates polyarticular
[poly)/oligoarticular [oligo] SF were not significantly different from poly JIA
plasma, but were significantly different (P < 0.05) from oligo JIA and healthy
plasma. Abbreviation: NS, not significant.

and PBMC. Focusing on TCRaf™ gate, we found a new subset,
namely, CD31*CD28™'DN T cells. Figure 2B shows this subset
comprised up to 80% (median ~48%) of the entire SF afiT cells
in both oligoarticular and RF~ polyarticular JIA. The frequency
of this SEMC subset was equivalent between the two patient
groups. Using the same gating strategy for PBMC, the data also
show similar CD31*CD28™!DN T cells that constituted up
to 38% of the total circulating apT cells in oligoarticular and
polyarticular JIA (medians of 21 and 26%, respectively). This
DN T cell subset was found at very low frequency (<8%) in
healthy PBMC.

CD28 is lost progressively with chronologic aging (8).
Figure 2C shows that age-adjustment of the frequency of
CD31*CD28™'DN T cells reveal their annual accumulations for
up to 5.3% per age-year in blood. The yearly medians between
the two patient groups were equivalent, but these medians were
significantly higher than the <0.8% accumulation per age-year in

blood of healthy children. In SE there were significantly higher
accumulations of CD31*CD28™!" DN T cells for up to 9.2% per
age-year. The medians were 5 and 6.4% for oligoarticular and
polyarticular JIA SEMC, respectively.

CD31-Driven, TCR-Independent
Expression of Cytokines, and
Phosphorylation of Signaling
Intermediates in Synovial
CD31+CD28™!" apT Cells

In keeping with our primary goal to more closely examine
the microenvironment of the inflamed joint, bioassays were
performed to determine whether synovial CD31*CD28™!! sub-
sets of DN and CD8* afT cells were sources of the cytokines
detected in SE. Figure 3A illustrates the strategy for receptor
crosslinking using specific antibodies to either CD31 (WM59),
affTCR (1P26), or CD3 (OKT3, Orthoclone), followed by Cy5-
conjugated anti-mouse Ig. Cy5* cells were then examined for
the expression of CD8, CD4, CD31 (2H8), and intracellular
cytokines. Figure 3B shows that within 6 h of CD31 ligation
alone, there was induction of high levels of intracellular IL-6,
IL-17A, IFNy, and TNFa in primary CD31* DN and CD8*
apT cells. The levels of CD31-driven cytokine production were
generally equivalent with those induced by CD3 or TCR liga-
tion. For CD31" DN T cells, CD31-induced production levels
of IFNy, IL-6, and IL-17A were significantly higher than the
other stimulation groups. Similar higher levels of CD31-driven
production of IL-6 and IFNy were observed for CD31* CD8*
T cells. Due to high staining background, cytoplasmic IL-10
was not measured.

To verify these results in a more tractable model, we exam-
ined CD3*TCR*CD31* Jurkat. As depicted (Figure 3B third
row), similar crosslinking of Jurkat recapitulated the cytokine
production data from synovial CD31* DN and CD8* afiT cells.
We also used JRT3, a somatic variant of Jurkat with mutated
CD3 and TCRB genes (ATCC) (36, 37), verified as CD3~ and
afTCR™, but CD31%, by cytometry. Consistent with these phe-
notypic characteristics, JRT3 cells showed an exclusive CD31-
driven cellular expression of the same four cytokines (Figure 3B
fourth row).

We also examined whether ligation of CD31 alone is sufficient to
induce phosphorylation signaling intermediates. Specifically, we
focused on ZAP70, Akt, RelA, and cAbl, four molecules found
during an empirical screening of phosphoprotein expression
following CD31 ligation (see Materials and Methods). ZAP70
and Akt are components of conventional TCR-driven activation
of T cells (38, 39). RelA is a known component of the NFkB
pathway linked to many inflammatory cascades (40). cAbl is of
interest since it is not a known component of classical CD31
signaling, which has been studied extensively in non-immune
cells (41,42). Proving its mobilization following CD31 ligation on
afT cells would validate it as component of CD31-driven TCR-
independent T cell-mediated inflammation. Figure 4 shows that
within 10 min of CD31 ligation, there were highly significant
phosphorylations of ZAP70, Akt, RelA, and cAbl compared to
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CD4, CD8, CD28, and CD31. (B) Box-median-whisker plots shown are the raw frequency and (C) the age-adjusted frequency of CD31+CD28™'DN afT cells as a
proportion of the total parent population of gated apTCR* cells. The plots were constructed as in Figure 1. The indicated P-values were determined by Kruskal-
Wallis analysis of variance. Post hoc group comparisons by Tukey: **P < 0.005 indicates SFMC of oligoarticular [oligo] and polyarticular [poly] JIA were significantly
different from JIA/healthy PBMC; *P < 0.05 indicates JIA PBMC was significantly different from healthy PBMC.

the IgG istotype controls in synovial DN and CD8* afT cells.
The phosphorylation levels were largely equivalent between
CD31, TCR, and CD3 ligations. In Jurkat, these phosphoryla-
tion events were reproduced in similar crosslinking assays. In
JRT3, the phosphorylations were seen only in response to CD31
ligation.

CD31-Driven cAbl Polarization, and Down
Modulation of CD31-Driven Cytokine
Production by an Inhibitor of cAbl

and an Oxidoreductase Analog
Because classical CD31 signaling in non-immune cells (41,
42) has not been shown to involve cAbl, we analyzed whether

cAbl was mobilized following TCR-independent CD31 liga-
tion on T cells. Figure 5A shows representative imaging of
phospho-cAbl polarization in five independent experiments.
A Z-stack of confocal slices, and the single cell image (Inset,
CD31-stimulated) showed phosphorylated cAbl localized at
the point of contact between the T cell and the anti-CD31-
bead. Polarized phospho-cAbl was observed at an average of
85% of cells per microscope field in 20 fields scanned in each of
the five experiments. In contrast, cells incubated in IgG-bead
had some random scattering of minutely speckled staining of
cAbl, but there was no distinct polarization of the cAbl staining
signal (Inset, Unstimulated). These observations indicated that
CD31 signaling independent of TCR engagement in T cells
involved cAbl.
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FIGURE 3 | CD31 ligation alone is sufficient to induce intracellular expression of cytokines. (A) Diagram of receptor crosslinking with specific antibody, and the
relevant gate of crosslinked (Cy5*) cells for subsequent cytometric analyses. (B) The data shown (bar means, SD whiskers; n = 5-11 per group) are intracellular
levels of IFNy, IL-6, IL-17, and TNFa in synovial CD31+CD28™" double negative (DN) and CD8* afT cells within 6 h of stimulation via CD3, TCRap, CD31, or IgG
control. The data were expressed as stimulation index to normalize intrinsic variability between individual donors and culture batch differences of Jurkat or JRT3
cells. The plots were constructed as in Figure 1. The indicated P-values were determined by Kruskal-Wallis ANOVA. Post hoc group comparisons by Tukey: [***]
and [*] P < 0.005 and P < 0.05, respectively, indicate CD31 crosslinking was significantly different from TCR or CD3 crosslinking and the IgG control [Cont] for
synovial DN and CD8* T cells, Jurkat, and JRT3; [@] indicates CD31 crosslinking was not significantly different from TCR and CD3 crosslinking, but was significantly
different (P = 0.001) from the IgG control.

The role of cAbl is further shown in Figure 5B. Imatinib,
a known and clinically used inhibitor of constitutively active cAbl
(22), consistently reduced the levels of CD31-driven phospho-
rylation of cAbl. In line with previous reports (43, 44), Imatinib
also reduced the levels of RelA phosphorylation and intracellular

expression of TNFa and IFNy. Additionally, there was significant
reduction of IL-17A expression. Similarly, MnT2E, a synthetic
mimic of superoxide dismutase (23), significantly reduced
CD31-driven RelA phosphorylation consistent with its reported
inhibition of the DNA-binding activity of NFkB (24). MnT2E
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also reduced cAbl phosphorylation and intracellular expression
of IL-17A, IFNy, and TNFa. Unexpectedly, the level of suppres-
sion of CD31-driven expression of IL-17A by both Imatinib and
MnT?2E was significantly greater than the levels of suppression of
IFNy and TNFa expression.

CD31-Driven, afTCR-Independent

Activation of IL-17A Gene Promoter

We further examined whether CD31 directly affected IL-17A
production. Figure 6A shows CD31 ligation alone induced
RORYT expression at significantly higher level than that induced
conventionally via «pTCR or CD3 in synovial CD31* DN and
CD8* afiT cells, and in Jurkat cells. For JRT3 cells, induction of
RORYT expression was exclusive to CD31 ligation. Furthermore,
Figure 6B shows CD31 ligation alone was sufficient to trans-
activate the IL-17A gene promoter as assessed by luciferase reporter
assays using Jurkat and JRT3. As expected, stimulation of Jurkat

and JRT3 with the mitogen PMA/ionomycin, which bypasses
TCR signaling, resulted in high luciferase activity compared to
the IgG control albeit this JRT3 mitogenic response was higher
than Jurkat.

FLC Are Downstream Targets of IL-17A
and Are Sensitive to Suppression by
MnT2E as Effective as TNFi and IL6i

In cytometric analyses of SEMC, we routinely noticed the presence
of SEMC of larger size (forward scatter) and higher granularity
(side scatter) compared to the electronically gated lymphocytes
(depicted by bounding box in Figure 2A). Figure 7A illustrates
individual variations in the proportions of these non-lymphoid
SEMC, which were recognized from the exclusion staining
of TCRap, TCRyS, CD3, CD4, CD16, CD19, and CD56 by
back-gating strategies. These non-lymphoid cells uniformly
co-expressed procollagen 1 and proline-4-hydroxylase, the
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FIGURE 4 | CD31 ligation alone is sufficient to elicit phosphorylation of signaling intermediates. Using the same crosslinking bioassay in Figure 3A, the data
shown (bar means, SD whiskers; n = 5-9 per group) are phosphorylation levels of ZAP70, cAbl, AKT, and RelA within 15 min of stimulation via CD31, TCR, CD3,
or IgG control. The data are normalized stimulation indices as in Figure 3B. The indicated P-values were determined by Kruskal-Wallis ANOVA. Post hoc group
comparisons by Tukey: [***] and [**] P < 0.005 and P < 0.05, respectively, indicate CD31 crosslinking was significantly different from TCR or CD3 crosslinking or the
IgG control [Cont]; [@] indicates CD31 crosslinking was not significantly different from TCR or CDS crosslinking, but was significantly different (P = 0.0001) from the
IgG control.
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typical markers of fibroblasts and circulating fibrocytes (18-20).
They also expressed the receptor for IL-17 (IL-17RA) and
CD38, a ligand for CD31 (45). Further, Figure 7B shows these
non-lymphoid cells were adherent to plastic and were ame-
nable for short-term propagation. They had varying stellate
to ameboid morphology, and retained expression of procol-
lagen 1, proline-4-hydroxylase, IL-17RA, and CD38. These
morphological characteristics underscore their designation as
“fibrocyte-like cells”

It is not yet known whether FLC in JIA SFMC derive from
the same lineage as the hyperplastic fibroblast-like synoviocytes
found in adult RA synovial tissue, which may be similarly positive
for procollagen 1 and proline-4-hydroxylase (46). It is also unclear
if FLC were fibrocytes, which could be found in small numbers
in blood (18) and then infiltrated the joint. Neither is yet known
if FLC were fibroblasts that detached from the pannus of the
inflamed JIA joint. Irrespective of their origin, Figure 7C shows
that consistent with their expression of IL-17RA, FLC exposed
to recombinant IL-17A showed a dose-dependent increased
expression of CD38. There were no differences in phenotype
and responsiveness to IL-17A of FLC between oligoarticular and
RF~ polyarticular JIA.

The responsiveness of FLC to IL-17A was further examined
by the addition of MnT2E, the biologics of TNFi and IL6i, or
corticosteroid to the bioassays. Here, we focused on IL-17A-
induced molecular effectors from experimental systems includ-
ing those implicated in juvenile and adult arthritis (21, 26-29).

Out of 18 molecular effectors examined, 3 cytokines (TNFa, IL-6,
and IL-1p) and 5 chemokines [CXCL1, CXCL8 (IL-8), CCL2
(MCP1), CCL3 (MIPla), and CCL7 (MCP3)] were found to be
significantly induced IL-17A (Figure 8). Additionally, IL-17A
induced production of tissue-destructive proteins, namely,
6 metalloproteinases (MMP; MMP?2, 3, 7, 8, 13, and 13) and vas-
cular endothelial growth factor (VEGF) (Figure 9). There were
no significant differences in MMP1, MMPY, and tissue inhibitor
of metalloproteinase-1 levels between control FLC cultures and
those incubated in IL-17A. Production of the 15 IL-17A-induced
effectors by FLC was uniformly down-regulated by corticoster-
oid. Similarly, IL6i and TNFi down-regulated the expression of
these effectors, albeit at lower magnitudes compared to those
seen with corticosteroid.

The data also show that MnT2E was capable of inhibiting
IL-17A-induced production of inflammatory effectors by FLC.
Its inhibitory effects were not as high as those seen with corti-
costeroid. However, MnT2E was as effective as IL6i and TNFi in
reducing IL-17A-mediated production of MMP3, MMP8, and IL8
(CXCLS). It elicited significantly higher degrees of inhibition of
IL-17A-mediated production of TNFa, IL-6, MMP2, VEGE and
CCL2 (MCP1) than either IL6i or TNFi. MnT2E, IL6i, and TNFi
did not affect the production of MMP7 and MMP12. MnT2E also
did not affect production of IL-1p. Both TNFi and MnT2E had
no effect on CCL7 (MCP3) production. Generally, there were no
significant differences in FLC responses between oligoarticular
and RF~ polyarticular JIA.
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FIGURE 6 | CD31-driven expression of RORyT and trans-activation of
IL-17A gene promoter. (A) Data shown (bar means, SD whiskers; n = 5-7
per group) are RORyT levels in synovial CD31+CD28™" DN and CD8*

apT cells, Jurkat, and JRT3 following CD31, TCR, CDS, or IgG stimulation.
Crosslinking assays were performed as in Figure 3A. Data normalization
done as in Figures 3B and 4. The indicated P-values were determined by
Kruskal-Wallis ANOVA. Post hoc group comparisons by Tukey: ***P < 0.001
indicates CD31 crosslinking in JRT3 were significantly different from TCR
and CD8 crosslinking, and the IgG control; **P < 0.05 indicates CD31
crosslinking on DN T cells were significantly different from TCR or CD3
crosslinking, or IgG control; * indicates crosslinking of CD31, TCR, or CD3
on CD8 T cells and Jurkat were not significantly different but were
significantly different (P < 0.001) from the IgG control. (B) Data shown
(mean bars, SD whiskers; n = 4-7 per group) are IL-17A gene promoter-
driven luciferase reporter activities of Jurkat and JRT3. The data were
normalized for transfection efficiency by co-transfection of Renilla luciferase
plasmid. Receptor crosslinking was performed as in Figure 3A. The
indicated P-value was determined by Kruskal-Wallis ANOVA. Post hoc
group comparisons by Tukey: [**] indicates crosslinking of CD31 and TCR
on Jurkat was not significantly different, but either one was significantly
different (P < 0.005) than the IgG control; [***] P < 0.001 indicates
CD31crosslinking on JRT3 cells were significantly different than TCR
crosslinking or the IgG control; [@] P < 0.005 indicates control luciferase
activity of phorbol myristyl acetate/lono-stimulated JRT3 without receptor
crosslinking was higher than Jurkat.

DISCUSSION

Cytokines/chemokines are considered pathologic effectors of JIA.
Their plasma/serum levels have been variably associated with
disease activity, particular disease manifestations, or responses
to biologics such as IL-6i and TNFi (47, 48). Regardless of treat-
ment, many patients experience episodes of arthritic flares that
are usually managed by systemic and/or by local therapy with
arthrocentesis and corticosteroid injection. During such flares,
there is exaggerated synovial inflammation compared to blood
that is reflected by non-correspondence between plasma/serum

and SF cytokine profiles (21). Thus, biological analysis of SF is a
preferable approach to better understand the nature of synovitis
in JIA (49).

The present study shows variable and low levels of plasma
cytokines, some of which are not significantly different between
JIA and healthy controls. In contrast, the SF cytokine profiles
show dominance of IL-6, IL-10, IL-17A, IFNy, and TNFa,
which were among those identified by de Jager et al. (21). By
comparison, our data show 4-5 orders of magnitudes for these
five molecules (present data in Figure 1 in ng/ml quantities
versus data Table 3 of de Jager et al. in pg/ml). Such quantitative
differences could be related to intrinsic cohort differences. IL-6
and TNFa are two of the most consistently reported cytokines in
JIA (21, 47). IL-10 has both pro- and anti-inflammatory effects
in human disease and is among the upregulated cytokines in
clinically active JIA (50). IFNYy has been associated with innate
and adaptive responses in adult RA, with some reported asso-
ciation with systemic-onset JIA but not with oligoarticular or
RF~ polyarticular JIA (51). IL-17A is a cytokine of interest in
the biology of JIA (52). As shown by the present data and those
reported by de Jager et al. (21), there are equivalent levels of
these five cytokines in SF of oligoarticular and RF~ polyarticular
JIA. Collectively, these findings support a growing opinion in
Pediatric Rheumatology that these two clinical subtypes may
represent a continuum of the same disease (14). Inasmuch as
the present study is a cross section of patients with long-standing
disease (disease duration up to 15 years) that have a treatment
history with various medications, the dominance of IL-6, IL-10,
IL-17A, IFNy, and TNFa in SF suggests a common cytokine
signature of JIA synovitis.

A key question is whether the SF cytokine milieu is linked
to discrete subset(s) of joint-infiltrating cells. The present study
provides evidence for the role of DN afT cells. Whether these
cells come from a distinct lineage or are derived from chronic
inflammatory activation of single-positive CD4 and/or CD8
precursors remains to be examined. However, expression levels
of CD4 and CD8 have been known to be transiently down-
regulated during conventional TCR-crosslinking (53). In T cell
cultures with highly mitogenic stimuli such as anti-CD3/CD28
or phorbol ester/ionomycin, extremely high rates of prolifera-
tion of CD8, but not CD4, cells were reportedly associated with
the emergence of DN T cells (54). Such in vitro emergence of
DN T cells has been linked to epigenetic modification of CD8
that renders it inaccessible to transcription (55). Along these
lines, DN T cells have also been reported to constitute ~10%
of blood T cells in adults with systemic lupus erythematosus
(56), a disease with known global and CD8-specific epigenetic
modifications (57). Similar epigenetic modifications have been
reported for CD4* T cells in JIA (58), but it is not yet clear if
such changes lead to conversion of single-positive CD4 into DN
T cells. Whether epigenetics regulate lineage decisions of joint-
infiltrating T cells in manner differently from that of T cells
residing/transiting in normal lymphoid tissue is also unknown.
Regardless of the role of epigenetics, we report here that com-
pared to adult lupus, oligoarticular and RF~ polyarticular JIA
have greater than twice the frequency of DN T cells in blood,
and up to sevenfold higher in SE
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FIGURE 7 | Fibrocyte-like cells are non-lymphoid IL-17A-responsive components of SF. (A) The general electronic gating strategy to set a live single cell gate was
done as in Figure 2A. The cytograms shown illustrate the gated larger sized cells in SFMC, i.e., boxed higher forward versus side scatter. As depicted, the
proportions of these non-lymphoid SFMC varied widely among patients. These cells co-expressed procollagen 1 and proline hydroxylase, known markers of
fibroblasts and mesenchymal fibrocytes. These cells, referred to as FLC, also expressed IL-17RA and CD38. (B) Representative micrograph of 10-15 day cultured,
plate-adherent FLC showing stellate to ameboid morphology. Their typical cytogram profile showed negative staining for T and B cell markers, but positive staining
of proline hydroxylase, procollagen 1, IL-17RA, and CD38. (C) CD38 expression on FLC (bar means, SD whiskers; n = 5 per group) incubated with three doses of
recombinant IL-17A for 24 h. The indicated P-value was determined by Kruskal-Wallis ANOVA. Post hoc group comparisons by Tukey: [@] indicate no significant
differences between 200 and 2,000 ng/ml doses of IL-17A; [**] indicates responses to 200 or 2,000 ng/ml was significantly different (P < 0.05) than those seen with

Our new finding is that DN ofiT cells in JIA are CD31*CD28™%,
a phenotype reminiscent of a CD8* subset we reported previously
(7). This is unlike the situation in adult lupus where DN T cells
are CD28" (56) and CD31 expression has not been examined.
CD28™! T cells are a biomarker of normal aging or premature
aging in the human immune system (10). We have shown that
the irreversible loss of CD28 can be accelerated by persistent
TCR stimulation, and by inflammatory mediators (32, 59). As for
CD31, it is a known marker for fresh naive CD28*CD4" T cells and
is lost when they become CD28" activated or CD28™" memory
CD4 effectors (60). We have shown that CD31 is sporadically
expressed on fresh naive CD8" T cells, but is stably expressed
on highly activated CD8 cells, and upon their conversion from
CD28* to memory CD28™!CD8* effectors (7). Whether the
losses of CD4, CD8, and CD28, and the corresponding gain
of CD31 are independent, co-dependent, or sequential events
remain to be examined.

The abundance of CD31*CD28™! DN and CD8* ofT cells
in SF suggests their pathogenic role. Our data show >2.5-fold

annual increase in CD31*CD28™!DN ofiT cell frequency in
SF compared to that seen in blood. Such yearly accumulation
is reminiscent of our original report for CD31*CD28™!CD8*
apT cells (7). However, a longitudinal analysis of paired blood
and SF samples is needed to ascertain whether there is concord-
ance of their cell frequencies increases over time. Longitudinal
studies could also inform whether arthritic flares may be due
to, or predicted by cumulative increases in, CD31*CD28™" DN
and/or CD8* af T cells, or to particular effector subsets thereof.
An experimental support for a pathogenic role for CD31*
CD28™! DN and CD8" afT cells is their TCR-independent activa-
tion. Our data show CD31 ligation alone sufficiently increase
intracellular IL-6, IL-17A, IFNy, and TNFa, four of the five most
upregulated cytokines we found from SF cytokine profiling.
Furthermore, there is CD31-driven, TCR-independent phospho-
rylation of ZAP70, Akt, and RelA, three components of conven-
tional TCR-driven CD28-dependent T cell signaling (38-40). Our
data also show a primary role of cAbl in CD31-driven activation
of synovial T cell activation; cAbl is not a known component of
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DN and CD8* af3T cell

FIGURE 10 | Model for an inflammatory circuit between CD31+CD28"!
apT cells and FLC in JIA synovitis. The present data (Figures 2 and 7)
authenticate enrichment of CD31+CD28™' DN afT cells, as well as
procollagen [procol]*proline hydroxylase [P4H]* FLC in SF of oligoarticular
and rheumatoid factor- polyarticular JIA. In previous work, we have shown
a similar CD31+CD28™" subset in the CD8* compartment (7). Ligation of
CD31 with specific antibody on these two afT cell subsets sufficiently and
effectively signals phosphorylation of ZAP70, Akt, cAbl, and RelA

(Figure 4). It is also sufficient to induce production of IL-17A, IL-6, IFNy,
and TNFa (Figure 3). These four cytokines are among the most dominant
cytokines identified in SF (Figure 1). We have shown previously that similar
cytokine production is achieved by CD31 ligation with CD38-Ig (7),
indicating CD38 is a true ligand, CD31 ligand on synovial CD31* ofT cells.
Relevance of CD31 as a driver IL-17A is indicated by the specific
trans-activation of /L-77A promoter and induction RORyT (Figure 6). CD31-
driven production of cytokines and phosphorylation of cAbl and RelA are
sensitive to down regulation by Imatinib, a known cAbl inhibitor, and by
MnT2E, a superoxide mimic, and inhibitor of the DNA-binding activity of
NFkB (Figure 5). IL-17RA*CD38* FLC is a likely target of IL-17A as
indicated by the upregulation of CD38 (Figure 7). Futhermore, IL-17A
induces FLC to produce additional inflammatory cytokines/chemokines and
tissue-destructive effectors, which are sensitive to down modulation by
MnT2E (Figures 8 and 9). Such inhibitory activity of MnT2E on FLC is
comparable, and in some cases, better than the biologics IL6i and TNFi.
Details of IL-17A and CD38 signaling in FLC [dashed arrows] remain

to be examined.

CD31 signaling in non-immune cells (41, 42). For conventional
afT cells, cAbl has been implicated as a minor secondary partici-
pant of TCR/CD28 signaling (61). Our data indicate cAbl along
with ZAP70, Akt, and RelA are proximal transducers of CD31
signaling. Whether these signaling molecules are independently
or co-dependently required for the CD31-driven production of
distal cytokine effectors, such as IL-6, IL-17A, IFNy, and TNFa
by afT cells remains to be examined. Nonetheless, our data sets
clearly show CD31 signaling in synovial afT cells effectively
suborn or co-opt the classical TCR signaling pathway in the
absence of TCR engagement. This idea is supported by our data
set with TCR*CD3*CD31* Jurkat and TCR-CD3-CD31* JRT3
that recapitulated the CD31-driven cytokine production and the
phosphorylations of signaling intermediates. Given the basic
tenet that antigen-specific TCR triggering confers protective
immunity, CD31-driven TCR-independent activation of synovial
CD31* DN and CD8" afiT cells may represent a form of immune
dysregulation that contribute to JIA synovitis.

IL-17A is a cytokine of interest in many chronic inflammatory
diseases (26, 52, 62, 63). We report here several novel findings.
First, our data provide evidence for TCR-independent IL-17A
production by synovial DN and CD8* afiT cells. CD31 ligation
alone is sufficient to induce expression of RORYT transcription
factor and trams-activation of IL-17A gene promoter. Thus,
in addition to IL-17A* CD4* offT and ydT cells (52, 64, 65),
CD317CD28™!" DN and CD8* afiT cells likely represent non-
conventional Th17 subsets. Whether all these IL-17A-producing
subsets of T cells work in concert or have differential roles during
arthritic flares in JIA has yet to be examined.

Second, CD31-driven IL-17A production is suppressed by
Imatinib, an anti-CML drug known to inhibit cAbl kinase activity
(22). The signaling pathway linking CD31 ligation, cAbl phos-
phorylation, and IL-17A production needs further investigation.

Third, a target of IL-17A in the joint is IL-17RA* FLC. Their
exposure to IL-17A results in the production of several MMPs,
chemokines, and VEGE, and additional TNFa and IL-6. FLC also
express the CD31 ligand CD38 (45). We validated previously that
recombinant CD38-Ig stimulates CD31*CD28™ICD8* afT cells
(7). The origin(s) of FLC has yet to be determined.

Fourth, CD31-driven production of IL-17A by CD31*CD28™!
DN and CD8* of T cells is sensitive to MnT2E, a mimic of super-
oxide dismutase (23). The suppressive activity of MnT2E on
synovial afT cell cytokine production is in line with its reported
down modulatory effect on T cells in non-obese diabetic mice
wherein oxyradicals play a significant role in insulitis and
pancreas pathology (66). Our data showing MnT2E-mediated
inhibition of RelA phosphorylation in synovial CD31* DN
and CD8* T cells is also consistent with its reported blockade
of the DNA-binding activity of NFkB in whole tissue explants
(24). Furthermore, our data show MnT2E-dependent inhibi-
tion of cAbl phosphorylation, and a higher degree of MnT2E
inhibition of CD31-driven production of IL-17A. These two
particular suppressive effects MnT2E are equivalent to that
seen with Imatinib. These suggest Imatinib and MnT2E may be
useful tools to further probe CD31—cAbl—IL-17A directional
signaling.

It remains to be investigated whether MnT2E directly affects
structure or function of cAbl. However, c-Abl has been shown
experimentally to be modulated to reactive oxygen species
(67). This could explain our observation that c-Abl phospho-
rylation was indeed affected by MnT2E consistent with its
known dismutase activity (23). It also remains to be examined
whether MnT2E directly alters the transcriptional and/or trans-
lational machineries of IL-17A production. This is of interest
since the IL-17A gene promoter includes an NFkB binding site
(30). RelA complexes of NFkB are known targets of oxyradicals
(68). IL-17A production itself appears to be sensitive to redox
reactions (69).

Finally, MnT2E also affects IL-17A-mediated production of
additional inflammatory effectors by FLC. MnT2E suppression
of MMP3, MMPS, and IL-8 (CXCLS8) expression is comparable
to those seen with IL6i and TNFi. MnT2E produces greater
degrees of inhibition TNF«, IL-6, MMP2, VEGE, and MCP1
(CCL2) production than either IL6i or TNFi. MnT2E, however,
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has no effect on MMP7, MMP12, and IL-1f. The basis for these
differential effects of MnT2E has to be examined.

In summary, the present work provides evidence for TCR-
independent, CD31-driven activation of joint-infiltrating
CD31*CD28™!" DN and CD8* ofT cells in JIA. These cells are
sources of IL-6,IL-17A,IFNy, and TNFa, four abundant cytokines
in SE A downstream target of IL-17A is ILI7RA*CD38* FLC,
which responds by further upregulating CD38, a ligand of CD31
(45), and the production of additional inflammatory and tissue-
destructive effectors including TNFa and IL-6 that compounds
the CD31-driven cytokine production by apT cells. Collectively,
our data suggest a synovial T cell-FLC inflammatory circuit
illustrated in Figure 10. The working model highlights plausible
CD31-CD38interaction with an IL-17A-mediated feedback loop.
We have shown previously (7) that CD38-Ig is potent inducer
of cytokine production by CD317CD28™! afiT cells. Specificity
of a CD31-CD38 cognate interaction will have to be verified.
Blocking CD31 and/or CD38 in usual T cell-FLC co-cultures
yielded very variable results, which were likely due to a variety
of compounding receptor-counter receptor interactions. Nuances
of IL-17A-signaling and CD38-signaling cascades in FLC also
remain to be examined. Admittedly, the model cannot exclude
other possible feedback loops, since CD31-activated T cells and
IL-17A-activated FLC produce multiple effectors. Nonetheless, a
notable aspect of our model is the identification of MnT2E as an
independentinhibitor of CD31-driven T cell activation and IL-17-
A-mediated FLC activation. This points to its likely utility as a
probe to further unravel intricacies of CD31 signaling in synovial
apT cells, as well as IL-17A and CD38-signaling cascades in FLC.
The inhibitory activity of MnT2E also provides a translational
rationale to test whether it is potentially disease-modifying.
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Birmingham, United Kingdom

Since the identification of the regulatory T-cell (Treg)-associated transcription factor
Foxp3, there have been intensive research efforts to understand its biology and roles
in maintaining immune homeostasis. It is well established that thymic selection of a
repertoire of self-reactive Foxp3™ T-cells provides an essential mechanism to minimize
reactions to self-antigens in the periphery, and thus aid in the prevention of autoimmunity.
It is clear from both genetic and immunological analyses of juvenile idiopathic arthritis
(JIA) patients that T-cells have a strong role to play in both the initiation and propagation
of disease. The current paradigm is to view autoimmunity as a consequence of an
imbalance between inflammatory and immunoregulatory mechanisms. This view has
led to the assigning of cells and inflammatory mediators to different classes based
on their assumed pro- or anti-inflammatory roles. This is typically reported as ratios
of effector T-cells to Treg cells. Problematically, many analyses are based on static
“snapshots-in-time,” even though both mouse models and human patient studies have
highlighted the dynamic nature of Foxp3™ T-cells in vivo, which can exhibit plasticity and
time-dependent functional states. In this review, we discuss the role of Foxp3 dynamics
in the control of T-cell responses in childhood arthritis, by reviewing evidence in humans
and relevant mouse models of inflammatory disease. Whilst the cellular dynamics of Treg
have been well evaluated —leading to standard data outputs such as frequency, quantity
and quality (often assessed by in vitro suppressive capacity)—we discuss how recent
insights into the molecular dynamics of Foxp3 transcription and its post-translational
control may open up tantalizing new avenues for immunotherapies to treat autoimmune
arthritis.

Keywords: Foxp3, juvenile idiopathic arthritis (JIA), transcriptional dynamics, Tocky, Treg

AIMS AND SCOPE

The aim of this article is to provide an overview of the literature reporting Foxp3' Regulatory
T cell (Treg) cell biology in juvenile idiopathic arthritis (JIA) and place this in the context of recent
advances in understanding basic Treg biology. For review of JIA Treg biology, a defined Pubmed
search was performed with the following terms: “T'reg” OR “Foxp3” OR “Regulatory T cell” AND
“Juvenile Idiopathic Arthritis”. What is clear from these papers is that there has been great industry
in elucidating Treg and effector T-cell biology and relating this to disease mechanisms from cellular
viewpoints. This article aims to build on this body of knowledge by detailing how recent new

ISearch date July 10t 2018.
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Copland and Bending

Foxp3 Dynamics in Treg in Arthritis

approaches are giving fresh insight into the molecular control
of Foxp3 and the dynamics of T-cell regulation. It is hoped that
this approach may help human immunologists to disambiguate
markers used to identify Treg [e.g., CD25 and CD127
expression (1)] and stimulate fresh thinking about Foxp3-
mediated regulatory mechanisms in JIA.

INTRODUCTION

Foxp3 is essential for T-cell homeostasis and is considered one
of the main drivers of Regulatory T-cell (Treg) differentiation
(2). Mutations in the FOXP3 gene in humans cause the complex
multiorgan autoimmune disease, Immune Dysregulation
Polyendocrinopathy Enteropathy X-linked syndrome (IPEX)
(3). This condition parallels the Scurfy mouse (4), where a
two base-pair insertion in the murine Foxp3 gene results in
a truncated form of Foxp3 protein (5) and loss of immune
regulation. Scurfy mice typically die within 3 weeks, highlighting
that loss of function of Foxp3 is not compatible with long-term
survival. A Treg lineage (6) interpretation of these findings is that
Foxp3 mutations lead to loss of a dedicated line of suppressor T-
cells, presumably because Foxp3 can no longer imprint the Treg
suppressive phenotype (7). Treg are often divided into thymic
and peripheral subsets, based on their sites of differentiation.
Thymic Treg are self-reactive, and are important components
of central tolerance. Peripheral Treg are thought to arise in
response to innocuous antigens, and may be important for
tolerance to dietary antigens or commensal bacteria. Together
these subsets work to exert dominant tolerance to both self and
foreign antigens (8).

Given the importance of Foxp3 to immune homeostasis and
Treg biology, it has become a focal point of immunological
research into diseases arising due to dysregulated T-cell
responses, such as JIA. JIA is the most common form of
autoimmune rheumatic disease with a prevalence in the region
of one in a thousand in children under 16 years of age
(9). JIA is a heterogeneous group of conditions, covering
all forms of arthritis commencing in children under 16
years of age and lasting for at least 6 weeks duration (10).
Although heterogeneity represents a challenge to translate basic
immunological findings from animal models to JIA, access to
the site of inflammation provides precious material for studying
underlying immunological mechanisms.

GENETICS OF JIA POINT TO T-CELL
REGULATION

Genetic association studies of JIA (incorporating the most
common subtypes of disease) clearly highlight a key role for genes
involved in the immune system, particularly those involved in the
regulation of T-cell biology (11). Unsurprisingly, the strongest
association is with human leukocyte antigen (HLA) alleles.
This is a common occurrence in autoimmune diseases (12),
which may be due to the finding that self-antigen-specific Treg
selection is HLA allele-dependent and modulates susceptibility
to autoimmunity (13). There also exists a striking association

with genes involved in the molecular control of Treg biology.
Although nine single nucleotide polymorphisms (SNPs) within
the human FOXP3 gene show no significant associations to
JIA (14) (suggesting these do not impact on FOXP3 in JIA),
a key FOXP3-binding partner, Runt-related transcription factor
1 (RUNX1), is, however, significantly associated. In non-Foxp3
expressing T-cells, RUNX1 enhances interleukin (IL)2 expression
through direct binding of the IL2 promoter in activated CD4*
T-cells (7). However, in the context of Foxp3 expression,
functional studies in mice have shown that Runxl and Foxp3
form molecular complexes which lead to the repression of
112 and interferon gamma (Ifng), and upregulation of Treg
effector molecules, such as CD25 and cytotoxic lymphocyte
antigen 4 (CTLA-4) (7). Thus, Foxp3 can re-direct the molecular
machinery involved in T-cell activation in order to drive a T-
cell-intrinsic suppressive programme. Whilst Foxp3 expression
has been mainly studied in the context of Treg generation (15),
the T-cell-intrinsic functions of FOXP3 expression during either
T-cell activation (which is considered transient, but can have
functional consequences for effector T-cells (16)) or peripheral
(p)Treg generation in JIA remain unknown.

In addition to RUNXI, genes encoding proteins involved in
cytokine signaling pathways that are critical to the development
of FOXP3" T-cells are also significantly associated. IL2RA
[gene encoding CD25, the original Treg marker (17)] and the
IL2/IL21 cytokine locus display significant disease associations
(11). Furthermore, deficiency in the IL-2 signaling molecule
signal transducer and activator of transcription (STAT)5b has
been reported in patients with JIA (18). IL-2 signaling is critical
for the survival and fitness of Treg in the periphery (19) and
is sensed by the conserved non-coding sequence 2 (CNS2)
of the Foxp3 gene to maintain Treg cell identity (20). These
findings suggest that molecular tuning of Foxp3 transcription and
function not only have genetic associations but may represent a
new avenue through which to further our understanding of the
pathogenesis of JIA.

FOXP3+ TREG CELL BIOLOGY IN JIA

Analysis of Treg cells identified by CD25 expression has shown
that such cells are enriched at the site of inflammation in JTIA (21).
The authors further dissected whether CD25% T-cells show any
relationship to disease severity. Here analysis of the oligoarticular
(O)-JIA subset of patients is very useful since the O-JIA patient
group can have divergent clinical outcomes (22). The “persistent”
O-JIA subtype presents with a mild, remitting form of disease,
which can spontaneously resolve. However, there exists a subset
of O-JIA patients in which the disease progresses and arthritis
extends to include an increasing number of joints, which are
referred to as extended O-JIA patients. These divergent forms
of O-JIA have allowed translational immunologists to compare
between different severities of disease, which has proven powerful
for correlating the role of Treg and T-helper subsets in JIA with
measurable disease outcomes. Interestingly, CD25™ Treg cells are
present in increased numbers within the joints of JIA patients
with the milder persistent form of O-JIA compared to those
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with the more severe form of extended O-JIA disease (21). These
findings were further verified using the “gold standard” Treg
marker, FOXP3, in a separate patient cohort (23). Interestingly,
both of these studies highlighted that compared to Treg in blood,
Treg at the inflamed site were not only increased in proportion
but they also displayed increased FOXP3 protein expression at
the single cell level (24). These seemingly paradoxical findings of
a vastly increased Treg signature at inflamed sites suggest that
Treg presence alone may not detail the whole picture. Indeed,
many subsequent studies have highlighted that the balance of
effector and regulatory mechanisms may be a major influencer
of disease outcome. Evidence to support this in JIA comes from
findings that Th17 cells, which drive chronic arthritis via a
cellular cascade (25), are also increased in the synovial fluid (SF)
of JIA patients and display a reciprocal relationship with Treg
(23) or FOXP3 expression levels (24).

Alterations in Treg phenotypes are likely influenced by the
joint environment (26, 27). Firstly, Treg from SF are susceptible
to the downregulation of FOXP3 following removal from the
inflamed environment (26), which can be prevented by addition
of synovial fluid to cultures. Furthermore, analysis of thymic
Treg output [which has been shown to be altered in adult
rheumatic disease (28)] revealed that JIA patients are no different
from controls (29), suggesting that the quantity of thymic Treg
generation may be unaffected. Furthermore functional studies on
Treg from JIA patients suggest no qualitative difference in their
ability to suppress T-cell responses (30).

As to what may explain disease in the presence of increased
Treg frequency, investigators have looked at the effector T-cells.
In vitro suppression assays have shown that Treg from the blood
and SF of JIA patients display similar abilities in regulating the
proliferation of conventional T-cells (Tconv) from the peripheral
blood environment (30, 31). However, Tconv from the inflamed
site showed resistance to suppression by Treg. Neat follow up
in vitro studies to this have gone on to show that this resistance to
suppression could be overcome by the blocking of inflammatory
cytokines such as tumor necrosis factor alpha (TNFa) (32, 33),
which may provide a potential mechanism of action for biologics
used to treat JIA. However, whilst these studies suggest that SF
Tconv may be more resistant to regulation in vitro, it is unknown
whether Tconv are resistant to regulation in vivo. In particular,
analysis of Ki67" (marker of cell proliferation) T-cells in the
joints of JIA patients suggests a more complex picture, since
the majority of dividing cells in the joint are Treg or Treg-
like [as evidenced by hypomethylation of the Foxp3 gene (27)].
Nonetheless a consensus has built based on the aforementioned
work that site-specific Treg and Tconv interactions play central
roles in the pathogenesis of JIA (Figure 1).

DYNAMICS AND CLONAL RELATIONSHIPS
BETWEEN FOXP3+ AND FOXP3~ T-CELLS
IN JIA

Recent advances in sequencing technologies has allowed the
profiling of the T-cell receptor (TCR) repertoires of Treg in
JIA, which can be used to assess the relative clonal sharing

PATIENT PERIPHERAL
BLOOD

2
A

Tolerance

[PATIENT SYNOVIAL FLUID|

Resistance to
regulation?

Aunwuwioiny

Dysfunctional?
Unstable Treg?

FIGURE 1 | Cellular seesaw view of Treg and Th17 cells in JIA pathogenesis.
In blood, immune relationships are balanced and Treg can regulate effector
T-cells. In synovial fluid, Treg are increased at the inflamed site but show a
reciprocal relationship to Th17 cells. This suggests that the balance of Th17 to
Treg cells may influence disease course, likely through increased production of
inflammatory mediators. Treg may be dysfunctional, either through loss of
Foxp3 and lineage stability, or are unable to regulate Tconv at the site of
inflamsmation due to the release of inflammatory cytokines such as TNFa.
Current strategies have aimed to tip the balance of this system in order to
promote tolerance over autoimmunity.

between different CD4" T-cell subsets and provide great insight
into cellular dynamics. Deep sequencing of TCRp chains has
highlighted more restricted and oligoclonal repertoires in SF T-
cells compared to blood (26, 34). Comparison between controls
and JIA peripheral blood Treg suggests that JIA patients have
skewing of both blood and SF TCR repertoires (34). This
skewing of the repertoire could arise from recirculation of T-cells
between blood and SF (35), but potentially could be an important
biomarker for treatment. Indeed, animal studies have shown
that bone marrow transplantation following peptidoglycan-
induced arthritis revealed that Treg from the graft repopulate
the immune system and show improved repertoire diversity
(36). In fact, transfer of additional Foxp3-GFP™ T-cells together
with the bone marrow transfer graft did not induce additional
clinical improvement but moreover delayed TCR repertoire
diversification, cautioning the use of Treg transfers in such
settings. This is likely due to the fact that these additional
Treg suppress T-cell proliferation, thus delaying expansion of
donor-derived T-cells. In addition, the authors were able to
show that JIA patients undergoing haematopoietic stem cell
transfers also showed improved Treg diversity. These findings
suggest that an immune reset provides an opportunity for graft-
derived cells to regulate the autoimmune response, likely due
to alterations in T-cell dynamics. Indeed, the SF environment
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appears to drive dynamic changes in Treg expression of key
molecules. TCR repertoire analysis of SF T-cells expressing
different combinations of CD25 and FOXP3 have shown that
there is remarkable clonal sharing between CD25tFOXP3~,
CD25tFOXP3%, and CD25FOXP3* T-cells within the joint
(26). These findings suggest that CD25 and FOXP3 expression
within Treg-like populations may be dynamic within the
joint; however, this does not preclude the possibility that
CD25+FOXP3- T-cells also contain recently activated effector T-
cells. Indeed, a thorough dissection of these populations would
give useful insight to the dynamics of T-cell activation and
FOXP3 expression in JIA. Given this observation, it will be
intriguing for future studies to interrogate relationships between
the TCR repertoires of Th17 and Treg cells within the joints
of O-JIA patients, in order to establish whether the reciprocal
relationship arises from discrete clones, or whether Th17/Treg
plasticity is an important mechanism. For instance hybrid IL-
17AT FOXP3™ Treg, identified by expression of CD161, are
significantly enriched at the site of inflammation (37, 38),
and repertoire overlap between CD161" Treg and Tconv as
a proportion of CD161" SF Treg was in the region of 20-
30% (38), suggesting plasticity of T-cell responses within the
joint. In summary, what these papers clearly show is that the
joint environment is highly dynamic, and that snapshot in time
analyses may obscure observations that may be accounted for by
cellular and molecular dynamics.

MOLECULAR DYNAMICS REGULATE
FOXP3+ T-CELL BIOLOGY

Whilst Foxp3 expression is used to define Treg subsets and is
considered a stable marker of Treg cells, the clonal relationships
between Treg and Tconv by TCR sequencing can also be
explained by taking a molecular perspective (6). For instance, we
have recently generated a new reporter system called Timer of cell
kinetics and activity (Tocky) [(39); Figure 2A], which highlights
a feedback control role for Foxp3 in regulating T-cell responses.
This approach places the emphasis on the molecular dynamics
of the system, with a reduced focus on cellular categorization,
which can unnecessarily constrain analysis, particularly for high-
dimensional data sets.

TIMER OF CELL KINETICS AND ACTIVITY
(TOCKY) SYSTEM

Tocky reporter system uses a short-lived fluorescent Timer
protein (40) to capture the activity of the Foxp3 gene. Timer
protein exhibits an initial blue fluorescent form, with an
approximate half-life of 4 h in Foxp3-Tocky mice. Timer protein
undergoes spontaneous and irreversible maturation into a red
fluorescent form which has a half-life in the region of 5 days
(41). Foxp3-Tocky therefore allows the detection of biologically
important Foxp3 gene settings. New Foxp3 expressers are
identified in Foxp3-Tocky mice by virtue of their pure blue
fluorescence upon expression of the Timer gene, which is under
the control of the Foxp3 gene regulatory elements. This system

captures rapid changes in Foxp3 gene settings in response to
immunological cues, giving insight to Foxp3 gene regulation at
the level of hours vs. days. In contrast, fate-mapping approaches,
which have largely suggested at a cellular level Treg cells are
stable (42, 43), do not capture the “real-time” changes in
Foxp3 gene activity which may greatly influence Treg function
(41).

FOXP3-TOCKY REVEALS EFFECTOR
TREG DIFFERENTIATION AND IDENTIFIES
PTREG

We have revealed that mature Foxp3 expressers tune their
Foxp3 gene setting to a temporally persistent state to control
the resolution of skin inflammation. Thus, our recent data
suggest that studying Foxp3 as a binary marker (i.e., to identify
Treg and non-Treg) can lose biological information. Upon
immunization we observed dramatic changes in the activity of
Foxp3 transcription in various T-cell populations. At sites of
inflammation (which are the relevant comparison for JIA) Treg
increase transcription of Foxp3 in a Foxp3-protein dependent
fashion (41). This form of Foxp3 autoregulation is key to driving
what has been previously called the effector (e)Treg response,
where cells display enhanced expression of immunoregulatory
molecules, such as IL-10 and CTLA4. Thus, purely based on a
molecular readout—the activity of the Foxp3 gene—we could
identify the major features of previously coined “quiescent” Treg
and effector (e)Treg subsets (Figure 2).

Foxp3-Tocky mice allow visualization of the earliest stages
of p Treg development during physiological T-cell responses.
We reported an increased proportion of T-cells acquire de
novo Foxp3 expression within inflamed skin compared to non-
inflamed sites, during contact hypersensitivity. The biological
significance of this is still to be fully determined, but we propose
that induction of Foxp3 may be an important part of the
resolution of T-cell responses through the intrinsic regulation of
Tconv (16, 41).

POST-TRANSLATIONAL CONTROL OF
FOXP3

Aside from the transcriptional control of Foxp3, insight into the
post-translational control of Foxp3 protein has been revealed
over the past few years (44). Foxp3 protein has been shown
to be polyubiquitinated at multiple lysine residues, which can
lead to its proteasome-mediated degradation (44, 45). This
process appears to be regulated by the activity of two enzymes,
the deubiquitinase USP7 (44) and E3 ubiquitin ligase STUB1
(45). Here the authors of the studies were able to show that
inflammatory cytokines, such as IL-6 [which is elevated in JIA
synovial fluid (46)] could repress USP7 expression, resulting
in increased turnover of Foxp3 and loss of Treg control of
inflammation. These findings have led to the suggestion that
small molecular inhibitors of this process could improve the
stabilization of Foxp3 protein in cells, and therefore their
functions (47).
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FIGURE 2 | Transcriptional dynamics of Foxp3 define functional Treg profiles. (A) The Tocky system [adapted from (39)] identifies different temporal expression
patterns of the Foxp3 gene. Here a schematic is shown, illustrating how the Tocky system’s timer locus approach can be used to identify different dynamics of Foxp3
expression based on the position of cells within a theoretical flow cytometric Timer-blue and Timer-red two-dimensional space: New expressers are pure blue,
gradually acquiring red fluorescence after 4-8h, and moving to the New-Persistent transitional (NP-t) locus. Cells which continually transcribe Foxp3, accumulate in
the blue™ red™ diagonal, called Persistent. And cells that have recently ceased Foxp3 transcription are located in the pure red Arrested locus. As Foxp3 gene activity
changes, cells can move between Arrested and Persistent zones within the Persistent-Arrested transitional (PA-t) locus. (B) Summary of Treg Foxp3 gene dynamics
under different immunological contexts. In steady state, Treg exhibit intermittent Foxp3 gene activity, and express lower levels of CD25, GITR, OX40, and IL-10. Upon
immune challenge, responsive Treg increase their Foxp3 transcriptional activity to a temporally persistent dynamic, which drives the Treg effector functions.

FOXP3 MOLECULAR “TUNING” FOR
THERAPY

Foxp3™ T-cells have a large number of molecules that have been
proposed as surrogate markers, such as high CD25 expression
and low CD127 (1) (the IL-7 receptor alpha chain). In addition,
they have also been shown to express high levels of the
Tumor necrosis factor receptor superfamily members, which
are important for their thymic development (48). Indeed, it
has been known for over 15 years that glucocorticoid-induced
TNFR-related protein (GITR) is a marker of thymic CD4"
CD25" subsets and targeting this membrane receptor with a
monoclonal antibody could alter the course of autoimmunity
(49). Using the Foxp3-Tocky tool, we have been able to give a
dynamic perspective to common Treg cell surface markers (41).
We were able to classify membrane receptors according to their
relationship to Foxp3 transcriptional activity, revealing that they
can be classified into two main groups. Group I [containing
amongst others TNFRII, C-C chemokine receptor type four
(CCR4), CCR5] are high on activated T-cells and new Foxp3
expressers and remain high whilst active Foxp3 transcription
occurs. We could show that the targeting of a marker within this
group (TNFRII) was able to increase the proportion of T-cells
acquiring new Foxp3 expression. Group II (containing amongst
others CD25, 0X40, and GITR) membrane receptors appeared
to parallel the activity of Foxp3 transcription and increased as T-
cells moved into persistent dynamics of Foxp3 Transcription (i.e.,
eTreg phenotype). Very interestingly, expression levels of these
molecules fell considerably in T-cells with low or arrested Foxp3
transcriptional activity, implying they are selective to the eTreg-
type programme. OX40 was one member of this group, and
we showed that upon anti-OX40 treatment Foxp3™ T-cells were
shorter lived and “persistent” Foxp3 transcribers were reduced.
This correlated with a delay in the resolution of allergic T-
cell driven skin inflammation (41). Although these effects were

modest, and the precise mechanisms of action remain to be fully
elucidated, they show proof of concept that Foxp3 transcriptional
dynamics within T-cell populations can be modulated with
measurable changes in disease outcomes.

CONCLUSIONS AND FUTURE
DIRECTIONS

This review has highlighted the increases in our understanding
of Foxp3™ T-cell biology in JIA. Recent work revealing
how molecular pathways regulate Foxp3 protein and Foxp3
transcription should spur researchers to consider how these
findings may be translated to human disease settings. For
instance, it will be useful to determine whether the markers
identified in basic animal models also hold equally true for
humans. This could provide biomarkers to better understand
the immunological effects of biologics for the treatment of
autoimmune disorders such as JIA. In addition, given that
Foxp3 protein can autoregulate its transcription, it will be very
interesting to see whether post-translational modifications of
Foxp3 can alter the Foxp3-driven autoregulatory loop (41, 50),
and therefore enhance the Foxp3-driven T-cell programme. To
take these ideas forward, however, the field may need to take a few
steps back from the cell lineage paradigm and consider how the
molecular dynamics of Foxp3-driven biology may provide new
avenues for translational research in JIA.
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The presence of abnormal gene expression signatures is a well-described feature of
the oligoarticular and polyarticular forms of juvenile idiopathic arthritis. In this review, we
discuss how new insights into genetic risk for JIA and the three dimensional architecture
of the genome may be used to develop a better understanding of the mechanisms driving
these gene expression patterns.

Keywords: juvenile idiopathic arthritis (JIA), genetics, enhancer, non-coding genome, topically associated
domains

The completion of the first assembly of the human genome was accompanied by considerable
surprise with the discovery that only ~2% of the genome contained protein-encoding genes (1).
The lay press seized on these findings and disseminated the idea that 98% of human genomes
contained so-called “junk DNA,” on the assumption that the only things of interest in genomes were
the protein-coding sequences. Subsequent genome annotation efforts, such as the Encyclopedia
of DNA Elements (ENCODE) and Roadmap Epigenomics in the United States and Blueprint
Epigenomics in Europe, demonstrated that much of this so-called “junk DNA” actually encoded
RNA molecules (2, 3) or contained regulatory regions that played critical roles in fine-tuning
transcription during development, cell differentiation, and in response to external stimuli (4).

The era of genome-wide association studies (GWAS), which were undertaken to better
understand the genetic contribution to a broad range of complex traits, brought additional
surprises. Investigators were perplexed to find that the strongest genetic associations occurred
with single nucleotide polymorphisms (SNPs) that were located within non-coding regions of the
genome. Indeed, taken together, GWAS SNPs are far more likely to occur in intronic or intergenic
regions than in either exons or gene promoters (4).

These findings provide the basis for our inquiry into the causes of the well-described
transcriptional abnormalities in JIA. In this paper, we will review the wealth of literature
demonstrating abnormal patterns of gene expression in the peripheral blood cells of children with
juvenile idiopathic arthritis (JTA). We will then discuss the role of non-coding genomic elements
(especially enhancers) in regulating transcription and how an understanding of these mechanisms
may allow a deeper understanding of the JIA-associated transcriptional patterns and/or the genetics
of JTA.

In this review, we will focus on the oligoarticular and polyarticular, RF-negative subtypes of JIA,
as these subtypes appear to represent a continuous spectrum of shared genetic risk (5). In contrast,
systemic-onset (6) and RF+ polyarticular disease (7) show unique clinical and genetic features. We
should note, however, that many of the broad ideas that we will present in this review are relevant
to these other two JIA subtypes, as they are to most complex genetic traits.
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TRANSCRIPTIONAL ABNORMALITIES IN
JIA: LESSONS LEARNED FROM GENE
EXPRESSION PROFILING

The emergence of technologies to assess transcription on a
genome-wide basis was initially met with considerable optimism
that these tools could be used to develop clinical biomarkers (8),
to classify heterogeneous patient populations more accurately
(9, 10), to develop a better understanding of the mechanisms of
therapeutic response (11-13) and to better understand disease
pathogenesis (14). Different groups have reported a broad range
of transcriptional abnormalities in patients with polyarticular
and oligoarticular JTA. These transcriptional abnormalities can
be observed in whole blood (12), unsorted white blood cells
(buffy coats) (15), peripheral blood mononuclear cells (PBMC)
(9, 16), neutrophils (17), and CD4+ T cells (18). These studies
have generally identified clusters of interferon gamma (IFNg) and
tumor necrosis factor alpha (TNFa) regulated genes that display
differential expression in children with active polyarticular JIA
when they are compared to healthy control children. An IL8
“signature” can also be seen in both neutrophil (19) and whole
blood (14) gene expression studies. In general, whole blood
expression studies have suggested complex interactions between
innate and adaptive immunity in JIA (14, 20). It is curious
to note that, even though the oligoarticular and polyarticular
rheumatoid factor (RF)-negative subtypes share common genetic
risk loci, the largest published study comparing these two
phenotypes found that each was distinguishable from the other
at the gene expression level (21). Similarly, RF-negative and
RF-positive subtypes, which are genetically distinct (7), have
remarkably similar gene expression profiles on whole blood
microarray analysis. Thus, it is clear that genetic factors are not
the sole drivers of the gene expression abnormalities observed in
oligoarticular and polyarticular JIA.

The question arises as to whether these transcriptional
abnormalities reflect intrinsic defects in gene regulation in the
cells of interest, or merely reflect the inflammatory milieu to
which these cells are exposed. After all, elevated levels of a broad
range of inflammatory mediators can be observed in the serum
(22) or plasma (23) of children with JIA. On the other hand, our
group has shown that the transcriptional abnormalities observed
in JIA neutrophils are accompanied by aberrations in the
metabolism of glucose via the hexose monophosphate shunt (19).
Similarly, Throm and colleagues have shown distinct aberrations
in interferon gamma-mediated (IFNg) signaling pathways in
JIA T cells (24) studied in vitro. Finally, neither PBMC nor
neutrophil signatures “normalize” after children have achieved
clinical remission on medication (CRM), although it’s curious to
note that the neutrophil aberrations are more prominent (13).
We should also note that the intrinsic defect vs. externally-driven
hypotheses to explain the distinct transcriptional profiles of JIA
peripheral blood cells are not mutually exclusive. Although we
are coming to understand the strong effect that the environment
(broadly considered) has on peripheral blood gene expression
(25), underlying genetics and the immediate external milieu
to which the cells are exposed may both play a role in the

transcriptional patterns observed in peripheral blood leukocytes
of children with JIA.

We were naturally led us to ask whether the emerging
knowledge of the genetics of JIA might provide a useful
framework from which to understand the mechanisms driving
the transcriptional abnormalities in JIA peripheral blood cells.
This necessarily leads to a brief discussion of the genetics on
JIA. This discussion will not be comprehensive, and the reader
wishing to have a deeper understanding is invited to read the
recent reviews available on this subject (26, 27).

GWAS AND THE GENETICS OF JIA

Using candidate gene approaches, GWAS, and genetic fine
mapping studies, investigators have identified >30 genetic loci
associated with JIA (26-28). Each of these 3 approaches queries
a single or small groups of SNPs (candidate gene approaches)
or large numbers of SNPs (GWAS and genetic fine mapping
studies) and asks whether specific alleles occur more frequently
in individuals with a specific disease or phenotype than they do in
controls (29) to identify alleles that have a strong association with
the disease or trait of interest. It is important to note, however,
that SNPs identified by such studies may not be the actual genetic
variants that exert the biological effects that confer risk. This
is because the so-called tag SNPs (or candidate SNPs used in
candidate gene approaches) are in linkage disequilibrium (LD)
with hundreds or thousands of other SNPs in the same region,
any one of which may exert risk-enhancing biological effects.
To use an analogy, GWAS can be understood as something
like a crude global positioning satellite (GPS) that can tell
you, say, that you are on the M1, somewhere between London
and Sheffield, assuring you that you are not in Cornwall, but
not providing any information as to whether you’re actually
closer to Leicester or Nottingham. Thus, GWAS have merely
identified regions of the genome where genetic risk may be
exerted. These regions can be referred to as “LD blocks” or,
more commonly, risk haplotypes. It is common to refer to
the risk haplotypes in JIA (and other complex traits) by the
gene nearest to the tag SNP, and this has led to the common
misunderstanding that the GWAS SNP: (1) is the one that
actually exerts the relevant biological effects and (2) exerts
those effects on the nearest gene. Neither is necessarily the
case.

Figure 1 illustrates this point. IL6R is a haplotype that was
identified on the genetic fine mapping study published by
Hinks et al. (5). The haplotype spans the region marked by
the genomic coordinates, chr1:154291718-154392674, a length
of >100,000 bp. The reader will also note that there are
functional elements other than the coding genes (ATP8B2 and a
portion of IL6R); this region is also characterized by prominent,
overlapping H3K4mel/H3K27ac histone marks (for simplicity,
only the H3K27 marks are shown in the figure), and dense
transcription factor binding even in non-coding regions (i.e.,
within introns and the intergenic area). These chromatin features
are commonly associated with enhancers, about which it is useful
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FIGURE 1 | Genome browser screen shot showing the JIA-associated /L6R locus, identified by the tag SNP, rs11265608, and encompassing the region
chr1:154291718-154379369. Transcription is from left to right. This locus consists largely of an intergenic region between the IL6R and ATP8B2 genes. The haplotype
block also encompasses the first exon and intron of the IL6R gene and most of the coding sequence of the ATP8B2 gene. The position of the tag SNP, rs11265608,
is indicated by the red arrow. ChIPseq peaks for the histone mark H3K27ac from ENCODE and Roadmap Epigenomics data, are shown with the blue/magenta
peaks. Transcription factor (TF) binding data and DNAse hypersensitivity data (also from ENCODE and Roadmap Epigenomics) are is represented black and gray
boxes at the bottom of the figure. The regions where TF and H3K27ac marks overlap are putative enhancers. Almost identical chromatin architecture is seen in both
CD4+ T cells and neutrophils within this haplotype. Note that neutrophils also express an intergenic RNA molecule at chr1:154350688-154350783 (not shown).

H3K4ame1l / H3K27ac H3K4amel/ H3K27ac

Promoter

FIGURE 2 | Structure of a typical enhancer. H3K4me1/H3K27ac-marked histones flank a region densely bound by transcription factors (TFs-represented by the
pentagon, hexagon, and trapezoid). The enhancer complex physically interacts with gene promoters, stabilizing TFs within the promoter as well as RNA polymerase
(RNAP) binding, facilitating transcription.

to say more as we query the possible role of genetics in driving  are highly enriched (compared to randomly-selected regions of

the transcriptional abnormalities observed in JIA. functional chromatin) for H3K4mel/H3K27ac histone marks.
These findings have led us to suggest that much of the genetic risk
JIA AND ENHANCERS for JIA is exerted through altered function of these enhancers.

Enhancers are non-coding DNA elements that play an
H3K4mel and H3K27ac refer to covalent modifications to the = important role in regulating gene expression, serving as rheostats
tails of histones, epigenetic features that typically accompany  that adjust gene expression to fit finely-tuned physiologic
enhancers, as noted above. One of the striking features  contexts (34). Enhancers have a characteristic structure that
that emerged from multiple GWAS studies was the high  includes the presence of open chromatin bound by multiple
frequency with which the genetic “hits” occurred within  transcription factors (TFs) flanked by H3K4mel/H3K27ac-
H3K4mel/H3K27ac-marked regions of pathologically-relevant  marked boundaries (Figure 2). These TFs form a complex that
cells for the traits of interest (4). The reverse is also true: if  typically includes p300, mediator, and cohesin, which together
one maps enhancer elements in specific cell types, those mapped  facilitate looping and physical contact with the promoters of
regions are highly enriched in GWAS-identified SNPs (30) for  target genes. While many enhancers function constitutively,
diseases that affect those cells/tissues. We have reported that  others remain latent, activated only by specific cellular or
the risk loci for both JIA (31, 32) and systemic lupus (33),  environmental triggers (35). It is important, from the standpoint
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Gene 2
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Gene 4

FIGURE 3 | Regulation of gene expression by enhancers within topologically
associated domains (TADs). The chromatin loop structure facilitates
interactions between the enhancer and some (or all) of the genes within the
same TAD, while constricting the interactions between the enhancer and
genes outside the TAD.

of our understanding the genetics and pathobiology of JIA, to
note that enhancers do not always regulate the nearest gene.
Furthermore, a given enhancer may regulate more than one
gene, and a given gene may be regulated by more than one
enhancer. Although enhancers may not regulate the nearest gene,
they typically regulate genes within the same chromatin loop or
topologically associated domain (TAD). Our understanding of the
three-dimensional structure of chromatin within the nucleus of
eukaryotic cells has expanded significantly in the past 10 years,
and readers interested in learning more on this fascinating topic
and its relation to human disease may wish to consult some of the
recent reviews (36-39). For the purposes of this review, TADs can
be considered the basic chromatin loop structure that regulates
enhancer-promoter interactions, as shown in Figure 3. TADs
can be identified using non-targeted chromatin conformation
techniques such as HiC (40), and visualized using publically
available software such as JuiceBox (41). Figure 4 shows how
the TAD for the IL6R locus can be visualized. The larger loop
contains multiple genes, including IL6R, IL6R-AS1, ATP8B2,
SHE, TDRD10, UBE2QI, and UBE2QI-AS1. Any or all of these
genes may be regulated by enhancer(s) within the IL6R locus,
and thus dysregulated by genetic variants that disrupt or alter
enhancer function within this locus.

QUERYING THE RISK HAPLOTYPES FOR
DIFFERENTIALLY EXPRESSED GENES

Now we return to the question of the role of genes vs.
environment (broadly considered) in driving the gene expression
abnormalities in JIA. We recently reported on results of
whole blood expression studies from children enrolled in
the NIH-funded Trial of Early Aggressive Therapy in JIA
(TREAT trial) (14). In that study, we identified 158 genes that
showed differential expression when we compared children with
new-onset polyarticular JIA with healthy controls. We then
used conventional computational techniques to intersect the

FIGURE 4 | Juicebox software visualization of the topologically associated
domain (TAD) containing the JIA-associated IL6R haplotype. Data are from HiC
analysis of K562 cells. The cursor (crossed blue lines) is set at the center of a
putative enhancer in the region spanning chr1:154, 353, 745-154, 361, 534.
Three distinct chromatin loops are identified, as indicted by the gray, green,
and yellow triangles, suggesting complex chromatin architecture in this region.

differentially expressed genes with the known JIA haplotypes.
We were unable to identify a single differentially expressed gene
within the known JIA haplotypes. We have subsequently repeated
this technique using all publically available gene expression data
from children with oligoarticular and polyarticular JIA and
gotten the same result. This has led us to the conclusion that
if genetic variants associated with JIA influence the observed
transcriptional patterns, they must either do so within specific
leukocyte subsets that are not detectable using whole blood,
or they must act on longer-range chromatin interactions. Once
again these are not mutually exclusive considerations. We
anticipate that the emergence of single-cell technologies and
perhaps the development of disease-specific three-dimensional
chromatin maps will allow us to understand the genetic
contribution (if any) to the observed peripheral blood expression
abnormalities.

BRINGING IT ALL BACK HOME: A
BROADER LOOK AT THE JIA RISK LOCI

Let us return to Figure 1, which shows the multiple features
within the IL6R haplotype, which occupies the genomic
coordinates chr1:154291718-154392674 and spans >100,000 bp.
This risk locus is representative of the other JIA risk loci, which
almost invariably show the same of similar chromatin features
(31, 32).

The reader will note immediately that the haplotype contains
only a portion of the IL6R gene as well as an additional gene,
ATP8B2. The protein product of ATP8B2 is an ATPase, and the
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gene is expressed in both lymphoid cells as well as in myeloid cells
such as macrophages (42); its exact role in these cells has not been
investigated in any detail, although it is reasonable to speculate
that it is involved in cellular energy production and utilization.
Using RNA sequencing in human neutrophils, we have also
shown that the haplotype also contains at least one non-coding
intergenic RNA (ncRNA), a species of RNAs that are important
in regulating both three dimensional chromatin architecture
(43) and gene expression (44). We have previously shown that
the presence of ncRNA molecules expressed in neutrophils is
a common feature within the JIA risk loci (31, 32) and the
presence of such RNA species in pathologically relevant cells is a
characteristic that the JIA risk loci share with those of most other
complex traits.

Finally, we note once again the rich in H3K4mel/H3K27ac
histone marks, which overlap with abundant transcription factor
binding sites, features that can be observed particularly in CD4+
T cells (ENCODE and Roadmap Epigenomics data) as well as
our own neutrophil ChIP-seq data (31). Indeed the chromatin
architecture at this locus suggests the presence of multiple
intronic and intergenic enhancers in both cell types.

These observations raise multiple questions regarding the
mechanism(s) through which genetic variants within this locus
impinge on immune function. Do genetic variants alter the
structure of the ncRNA or its regulation? Do they alter the
expression of ATP8B2 or IL6R through alterations in their
promoters? Do they alter the function of one or more of the
enhancers? If so, what genes are dysregulated by altered enhancer
function? If genetically-mediated dysregulation isn’t exerted on
peripheral blood cells, then where is it exerted?

These aren’t either/or questions. That is, different genetic
variants in different individuals might alter one or more of the
genomic functions within the JIA haplotypes to different degrees.
This might explain, for example, the considerable differences we
see between individuals with JIA at both the phenotypic and
gene expression levels. Indeed, we believe that one of the reasons
why there is so much overlap in the genetic associations seen
for a broad range of autoimmune/inflammatory diseases in the
fact that these loci contain multiple important genomic elements
which, if perturbed, could lead to an immune phenotype.

WHERE DO WE GO FROM HERE?

We are still rather in the dark as to the origin of the
abnormal transcriptional signatures in JIA. Its clearly not
as straightforward as we initially thought it might be: that
polymorphisms in gene promoters, for example, would lead to
alterations in gene expression that might be easily observed in
cells or in serum protein levels. It should also be sufficiently
clear to the reader that there is limited, if any, utility in trying
to understand genetic mechanisms in JIA by focusing solely
on the coding functions of the genes in close proximity to the
SNPs identified on GWAS and genetic fine mapping studies. This
“nearest gene” focus ignores the broader chromatin architecture
in which the biologically relevant variants are likely to operate.
We propose that future studies of individual JIA-associated loci
consider not only the entire risk haplotype and the multiple
genomic elements contained within it, but also broaden the

inquiry to include three dimensional chromatin architecture and
the genes included within the TADs that incorporate the risk
haplotypes. This means that there is going to be a lot of work
to do at each risk locus.

Enhancers seem to be the logical place to start, given their
demonstrated importance in JIA (31, 32) and rheumatic diseases
in general (45, 46). While the chromatin signatures within the JTA
risk loci are strong indicators that these regions have enhancer
function, the specific functional regions will need to be identified
and verified empirically using reporter assays. Once the specific
functional regions are identified, it will be a straightforward task
to clarify the effects of genetic variants within these functional
regions. Publically available data like the 1000 Genomes Project
will give investigators a large but finite number of common
genetic variants (allele frequencies >1%) to test within the
defined regions. Our recent whole genome sequencing data
from children with polyarticular, RF-negative JIA (47) have been
made available to investigators through the National Center
for Biotechnology Information (https://www.ncbinlm.nih.gov/
bioproject/?term=PRJNA343545) and will provide the scientific
community with a rich list of rare variants to interrogate.

Once enhancer function is confirmed and the biologically-
relevant genetic variants identified, we still have before us the task
of identifying the genes (dys)regulated by the enhancers on which
genetic variance operates. To accomplish this aim, our laboratory
is taking advantage of the fact that most enhancers regulate genes
within the same TAD. We are therefore using an epigenome
editing approach (48) to attenuate enhancer function and identify
genes whose expression is altered when specific enhancers are
attenuated.

CONCLUSION

The identification of aberrant transcriptional patterns in the
peripheral blood cells of children with JIA has opened the
door to intriguing inquiries into the epigenetics and genetics of
this family of diseases. With regard to the latter, our growing
understanding of the structure and function of mammalian
genomes makes it imperative that we broaden our investigations
beyond the “nearest gene” to GWAS tag SNPs. Rather, developing
a mechanistic understanding of how and where genetic variants
alter transcription and immune function will require a complete
understanding of the range of genomic functions altered by
variants within the risk haplotypes. Furthermore, the field
will require a detailed understanding of the larger chromatin
“neighborhoods” within which each of the haplotypes resides.
These are reachable goals that are most likely to be achieved by
a focused and coordinated effort among the different pediatric
rheumatology genetics research consortia to prioritize loci, share
expertise and reagents, and develop plans for using genetic
information to inform clinical care.
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Juvenile Dermatomyositis (JDM) is a systemic immune-mediated disease of childhood,
characterized by muscle weakness, and a typical skin rash. Other organ systems
and tissues such as the lungs, heart, and intestines can be involved, but may be
under-evaluated. The inflammatory process in JDM is characterized by an interferon
signature and infiltration of immune cells such as T cells and plasmacytoid dendritic
cells into the affected tissues. Vasculopathy due to loss and dysfunction of endothelial
cells as a result of the inflammation is thought to underlie the symptoms in most organs
and tissues. JDM is a heterogeneous disease, and several disease phenotypes, each
with a varying combination of affected tissues and organs, are linked to the presence of
myositis autoantibodies. These autoantibodies have therefore been extensively studied
as biomarkers for the disease phenotype and its associated prognosis. Next to identifying
the JDM phenotype, monitoring of disease activity and disease-inflicted damage not
only in muscle and skin, but also in other organs and tissues, is an important part of
clinical follow-up, as these are key determinants for the long-term outcomes of patients.
Various monitoring tools are currently available, among which clinical assessment,
histopathological investigation of muscle and skin biopsies, and laboratory testing of
blood for specific biomarkers. These investigations also give novel insights into the
underlying immunological processes that drive inflammation in JDM and suggest a strong
link between the interferon signature and vasculopathy. New tools are being developed
in the quest for minimally invasive, but sensitive and specific diagnostic methods that
correlate well with clinical symptoms or reflect local, low-grade inflammation. In this
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review we will discuss the types of (extra)muscular tissue inflammation in JDM and their
relation to vasculopathic changes, critically assess the available diagnostic methods
including myositis autoantibodies and newly identified biomarkers, and reflect on the
immunopathogenic implications of identified markers.

Keywords: juvenile dermatomyositis, tissue inflammation, vasculopathy, disease monitoring, biomarkers,
interferon signature, autoantibodies, personalized medicine

INTRODUCTION

Juvenile Dermatomyositis (JDM) is a systemic immune-mediated
disease of childhood. It is the most common idiopathic
inflammatory myopathy in children, with an incidence of 2-
4/million/year (1). Although the exact etiology is still elusive,
both genetic and environmental factors are thought to play a role
in the development of the disease (2-5). JDM is characterized
by inflammation of skeletal muscles and skin, leading to muscle
weakness and a typical skin rash of the face and hands (heliotrope
rash and Gottron’s papules, respectively), which are also used as
classification criteria (6, 7). Next to the muscle and skin, other
organs can be affected. Vital organ involvement, especially of the
lungs, is still the major cause of death in JDM patients (8, 9).
Although rare, cardiac involvement and microangiopathy of the
intestine, brain and kidneys have been described (10). Thus,
rather than being confined to specific tissues, JDM is a truly
systemic disease, which can affect multiple organ systems.

Before the introduction of corticosteroids as a treatment
option, mortality and morbidity among JDM patients were
high, and long-term outcomes were not the primary focus.
Since then, mortality rates have dropped from over 30% to 2—
3% (11). With increasing survival, long-term outcomes become
an important concern of patients and physicians, as patients’
quality of life and societal participation depend on it. Long-term
outcomes are likely dependent on various factors such as disease
severity and activity, response to treatment and medication side
effects which together determine the cumulative organ and tissue
damage.

Especially low-grade inflammation and extramuscular
manifestations of the disease are difficult to investigate
in routine clinical care and may therefore be overlooked.
Unrecognized, local inflammation leading to tissue damage and
subsequent organ dysfunction may have serious consequences
for short-term and long-term outcomes. So far, reliable
assessment of disease activity and the type and extent of
tissue involvement has been rather challenging. Current
clinical tools for assessment of disease activity require active
collaboration of patients, which can be difficult for young, unwell
children. Detecting low-grade inflammation or differentiating
clinically between various causes of muscle impairment is
even more challenging. Hence, there is a great need for
minimally invasive, objective and reliable diagnostic tools
for the assessment and monitoring of (low-grade) disease
activity and related organ involvement. Optimally, such tools
could guide clinical decision making, facilitate individually
tailored treatment regimens, and reduce the risk of over- and
under-treatment.

In this review we will discuss the types of (extra)muscular
tissue involvement that have been described in JDM and
their relation to vasculopathic changes, critically assess the
available diagnostic and monitoring tools and reflect on the
immunopathogenic implications of identified markers.

SIGNS OF SYSTEMIC DISEASE ACTIVITY
IN JDM BASED ON AFFECTED TISSUES
AND ORGANS

JDM patients can present with a spectrum of symptoms.
Most, but not all patients, have the classic combination of
muscle involvement and typical skin rashes. Approximately 1-
5% of JDM patients present with amyopathic JDM, but it was
estimated that 26% of these patients will eventually progress
to classical JDM, which can occur up to years after onset
(12). This indicates that the phenotype can evolve over the
course of the disease, possibly also dependent on treatment.
True amyopathic JDM however is very rare and mild muscle
involvement may be present but missed (13). Amyopathic JDM
generally has a relatively mild disease course with fewer systemic
manifestations, less required immunosuppressive treatment and
a good prognosis (12, 14, 15).

(Sub)Cutaneous and Other Extramuscular
Symptoms

Cutaneous symptoms can range from the pathognomonic
heliotrope rash and Gottron’s papules, to photosensitive rashes
such as malar and truncal erythema, and severe complications
such as skin ulceration and dystrophic calcinosis. Calcinosis
occurs in 12-47% of patients and can occur in the skin and in
subcutaneous, myofascial, or muscle tissue. Most often it is a
long-term complication and its presence has been associated with
delayed diagnosis and more severe disease with poorer functional
outcomes. Effective treatment of calcinosis is still challenging,
but aggressive high-dose immunosuppression or, in very severe
cases, autologous stem cell transplantation have been shown to
be able to reverse calcinosis, suggesting that chronic (low-grade)
inflammation may be accountable for calcifications (16-20).
Cutaneous and oral ulceration affects up to 30% of patients and
is thought to result from occlusive endartheropathy of the small
vessels (10, 21). Lipodystrophy affects 8-14% of JDM patients and
is often associated with hormonal and metabolic changes (10, 22—
24). We suspect that patients with lipodystrophy may therefore
have an increased risk of cardiovascular events in the long-term.
Limb edema and arthritis are also common, occurring in 11-32
and 23-58% of patients, respectively (10).
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Next to the skin and musculoskeletal system, other organ
systems can be involved, of which the lung is the most
frequently affected. Up to 75% of children with JDM develop
respiratory involvement, which may result from a complication
of respiratory muscle weakness or immunosuppressive therapy,
or from interstitial lung disease (ILD) (25, 26). ILD occurs in
8-19% of juvenile myositis patients and has been described as
the major cause of death in JDM (27-30). Cardiac involvement
may be present subclinically more often than recognized, as
even in JDM patients without clinical cardiac dysfunction
abnormal ECG and echocardiographic findings are relatively
common (31-33). Conduction abnormalities and myocarditis
have been reported, and systolic and diastolic dysfunction was
found after long-term follow-up (34-37). Cardiac complications
are thought to result from myocarditis and coronary artery
disease as well as involvement of the small vessels of the
myocardium (38). Involvement of the gut or neural system are
rare complications of JDM and are also thought to result from
an underlying small vessel angiopathy or vasculitis (39-41).
Intestinal consequences of the small vessel angiopathy include
ulceration, perforation, hemorrhage, pneumatosis intestinalis
and malabsorption (42-44).

Vasculopathy

The pathologic changes underlying symptoms and tissue damage
in the skin, muscles, and vital organs have a common factor: in
all the affected tissues typical vasculopathic changes are observed,
which include loss of capillaries (capillary dropout), perivascular
inflammation, and (occlusive) small vessel angiopathy (21, 45).
In a recently reported French JDM cohort of 116 patients,
vasculopathy-related complications were the main cause of
admission to the intensive care unit, illustrating the severity
and relevance of vascular involvement in JDM (46). These
complications include life-threatening disorders like systemic
capillary leak syndrome, recently also described in 3 patients with
JDM (47).

Deposition of complement, immune complexes and anti-
endothelial antibodies is thought to play an important role in
endothelial damage and subsequent capillary dropout (48-54).
Clinically, the severity of vasculopathy and the disease phenotype
have also been linked. The presence of prominent vascular injury
in muscle biopsies identified a subgroup of patients with more
severe clinical presentation and outcomes, including profound
muscle weakness, limb edema and gastrointestinal involvement
(55). This suggests that local vasculopathic changes can reflect
systemic vasculopathy and the resulting clinical symptoms.
Nailfold capillaroscopy, a commonly and easily used indicator of
disease activity in clinical practice, is also based on this principle.
The pathologic changes observed in nailfold capillaries, such
as capillary dropout, branching and dilatation, likely reflect the
systemic blood vessel abnormalities. Loss of end row nailfold
capillaries is significantly associated with clinical disease activity
scores for muscle and skin and can thus be used as a marker
of skin and muscle activity. Nailfold capillaroscopy is especially
suited as a non-invasive tool to follow up changes in disease
activity over time in patients (56-59).

Taken together, JDM is a truly systemic disease in which not
only the muscles and skin are affected, but also vital organs can
be involved. The presence of typical vasculopathic changes in the
various affected tissues points toward a central role for systemic
endothelial dysfunction in the pathogenesis of JDM.

MONITORING OF DISEASE ACTIVITY AND
TISSUE INVOLVEMENT

During clinical follow-up, monitoring of disease activity is crucial
to determine the rate of medication tapering or to assess the
requirement for intensification of immunosuppressive therapy.
Next to clinical evaluation, various tools have been investigated
for monitoring of disease activity, among which autoantibodies
and other circulating biomarkers, and histopathologic evaluation
of muscle biopsies, as well as several imaging techniques.

Clinical Assessment

The primary and most important evaluation of disease activity
involves clinical assessment by experienced clinicians and health
care professionals. Over the past years, several scoring tools
have been devised for internationally standardized evaluation
of disease activity (60). The most commonly used tools are
now the childhood myositis assessment scale (CMAS), manual
muscle testing of 8 muscle groups (MMT-8), physician’s and
patient’s global assessment on a visual analog scale (PGA),
cutaneous assessment tool (CAT), cutaneous dermatomyositis
disease area and severity index (CDASI), disease activity score
(DAS), myositis disease activity assessment tool (MDAAT) and
childhood health assessment questionnaire (CHAQ) (61-69).
Combined scoring systems are currently being developed (70).
The Pediatric Rheumatology International Trials Organization
(PRINTO) has composed criteria for defining clinically inactive
disease (71). A recent re-evaluation of these PRINTO criteria
showed that skin disease may be underestimated as a factor in
the assessment of disease activity (72).

Clinical measures of disease activity, however, have limited
capacity to detect low-grade inflammation in the tissues which
does not cause overt symptoms, but may still contribute to
tissue damage in the long term. Moreover, it is challenging to
differentiate between various underlying causes of symptoms by
clinical assessment. For example, muscle weakness may result
from an ongoing inflammatory process, from medication side
effects (e.g., steroid myopathy), muscle damage or effects of
immobility. Biological assessment of the affected tissues and
organs can therefore be helpful or even necessary to aid clinical
decision-making concerning medication dose and additional
interventions.

Biomarkers for Disease Course, Activity,

and Tissue Involvement

Laboratory investigation of blood is a minimally invasive and
time-efficient procedure, especially compared to muscle biopsy
and some of the imaging methods. It is therefore particularly
suited as a method for serial sampling during clinical follow-
up. Laboratory investigation can be used for measurement of
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autoantibodies and for biomarkers related to disease activity and
specific (extra)muscular symptoms.

Autoantibodies

Antibodies found in myositis include myositis-specific
autoantibodies (MSA), relatively specific to myositis, and
myositis-associated antibodies (MAA), which are observed
both in myositis and other connective tissue diseases (6). In the
past years, different disease phenotypes have been linked to the
presence of autoantibodies and particularly myositis-specific
autoantibodies (16). The frequencies of autoantibodies in
juvenile patients differ substantially from adult DM patients (73).
Anti-TIF1 (p155/140) and anti-NXP2 (p140 or MJ) are the most
commonly identified autoantibodies in Caucasian JDM patients
(20-35 and 16-23%, respectively) (28, 73-76). Anti-TIF1 is
associated with skin ulceration, photosensitive skin rashes,
lipodystrophy, and edema (24, 75-78), whereas anti-NXP2 is
associated with a severe disease course with more profound
muscle involvement, calcinosis, gastrointestinal ulceration, joint
contractures, and dysphonia (75, 77, 79, 80). A recently identified
myositis specific autoantibody which is especially frequent in
the Asian JDM population, is anti-MDA5 (CADM-140) (81).
It is found in 33% of Asian JDM patients, compared to 7%
of Caucasian patients (8, 82). Patients with anti-MDA5 have
a higher risk of developing ILD than patients without these
antibodies. This anti-MDAS5 conferred risk is seen in both
Asian and Caucasian JDM cohorts, although the risk difference
appears to be more pronounced in Asian cohorts (8, 83).
Common symptoms in Caucasian patients with anti-MDA5
antibodies include oral and cutaneous ulceration, arthritis, and
milder muscle disease with fewer histologic abnormalities and a
higher remission rate off medication after 2 years of follow-up
(76, 82, 84, 85). Less frequently identified autoantibodies in
the juvenile population include anti-Mi2 (4-10%) and anti-
amino-acyl-tRNA synthetase antibodies such as anti-Jo-1 (1-3%)
and anti-SAE (<1%). Anti-SRP and anti-HMG-CoA-reductase
(Anti-HMGCR) autoantibodies, both accounting for <3% of
juvenile myositis patients, are associated with a necrotizing type
of myopathy with severe muscle weakness (73, 76, 86, 87).

It remains unclear whether each MSA reflects a distinct
pathologic process, influencing the type and severity of disease
phenotype and tissue involvement. Notably, autoantibodies
against Jo-1, TIF1, SRP, and Mi-2 are not only informative at
disease onset, but their levels have been found to correlate with
disease activity during follow-up in the context of rituximab
treatment (88). This highlights that perhaps autoantibodies
should be measured during or soon after the first clinic visit as
their levels may decline and become undetectable in remission.

A last and different (not myositis-specific) category of
autoantibodies identified in JDM comprises autoantibodies
against components of endothelial cells, which are thought
to contribute to capillary loss. These anti-endothelial cell
autoantibodies (AECA) were detected in 76% of JDM patients, as
opposed to 30% of control patients (49). Twenty-two candidate
target autoantigens for AECA were identified in JDM plasma, 17
of which were proteins associated with antigen processing and
protein trafficking (50). Identification of autoantibody targets

may provide novel insights into the auto-immune process and
self-antigens involved in JDM.

Biomarkers for Systemic Inflammation and Muscle
Disease Activity

Reliable assessment of disease activity during follow-up can
be aided by laboratory markers that represent systemic and/or
local inflammation. Especially for detection of low-grade
inflammation and for differentiation between various causes of
muscle weakness, laboratory investigation can be a helpful or
even necessary tool.

So far, reliable and validated laboratory markers for disease
activity and tissue involvement in JDM are still lacking. A
large number of proteins in plasma, serum, and urine as
well as circulating immune cell subsets have been investigated
as potential biomarkers for (tissue-specific) disease activity in
patients with JDM (Tables 1, 2). In theory, every biological
parameter that can be measured, could serve as a biomarker.
To be suited for use in clinical practice however, a biomarker
has to meet additional criteria, such as being reliable, robust,
relatively stable and easy to measure. In the following paragraphs
we highlight all biological markers that have been associated with
disease activity in JDM, regardless of their suitability for use in
clinical practice, as some of these identified markers may still
contribute to the understanding of the immunopathogenesis of
JDM. However, it is important to note that due to the rarity of the
disease, many of these studies were carried out in small cohorts of
<30 patients (as outlined in Tables 1, 2). Insights based on such
small numbers have limitations in a heterogeneous disease like
JDM. Therefore, validation of identified markers in larger cohorts
is crucial before implementation into clinical practice.

Currently used laboratory markers

The markers that are currently used in clinical practice, AST,
ALT, LDH, aldolase and in particular creatine kinase activity
(CK), do not correlate as well with disease activity in JDM as in
DM (125-127). At diagnosis, any one muscle enzyme was only
elevated in 80-86% of patients with JDM and CK was found
to be elevated in only 61-64% of patients (125, 128). In almost
20% of patients the most abnormal measurement of CK was
not elevated above normal values (28). Low muscle enzymes at
first presentation may be associated with delayed diagnosis (129).
During follow-up, CK may underestimate disease activity due
to suppressed release by corticosteroids, circulating inhibitors of
CK activity, or loss of muscle mass (127, 130-132). On the other
hand, CK and aldolase can be elevated in steroid myopathy and
are therefore not reliable as markers for disease activity requiring
more potent immunosuppression (133). However, according
to recent consensus guidelines, these muscle enzymes are still
regarded as an important monitoring tool (134, 135).

Markers related to the interferon signature

An important group of investigated biomarkers is related to the
type 1 interferon (IFN) signature, which has been demonstrated
in the peripheral blood and muscle biopsies of JDM patients
(136, 137). Activated plasmacytoid dendritic cells (pDC) are
generally thought to be the main producers of the type 1 IFNs

Frontiers in Immunology | www.frontiersin.org

38

December 2018 | Volume 9 | Article 2951


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Biomarkers and Immunopathogenesis in JODM

Wienke et al.

(penunuoD)
(36) ereisiN N VSI13 ‘wnies NP 95 (OvHO) SN (SYINO) ittt (VOd) vt + + 71/8ddIN
NOILLYIWINVTANI 40 SHIMHVIN H3HLO
(LW “SVYIND) SN (vOd) SN pioe ojuojouinb/upeidosu ewseld
(Svo)
(IHA) v+ + (OVHO) wue + + ot (LNIN) o84 (VOd) w + + pioe ojuojouinb suun
Answonoads
ssew olydesBorewoiyo
seb 'O71dH AP € ‘aLO (IHA) « + + “(©OVHO) (SYIND)
(26) 1op1g vSN  'vSIN3 ‘ewsed pue suun depsao yum NAr € ‘NAr 68 w T+ (SYAUNS) L+ + wdttt (LNIN) (VOd) w + + uusydosu sunn
(Sva oyoads-Apnys
UIM y1oq)
(weup 0B (sdend)  ++++
(96) mepaueg oq Ay Aesseounwwiolpel ‘wnies 2| se|dwes |g) INAl S ‘(108) ot + + upeydosN
wiaJl ueyy 10e Ul JaybiH upeydosN
wel
(G6) useleqoy ueder O71dH 8 VSI3 ‘wnieg  ui 2 ‘sisoubelp ye / INAr £ (wei “sn sisoubelp) .., Yzl 9janjos
(1ose 1s0d pue
aid) war Aoroeyel € 15102 (SYNO) wuit#t (VOd) vt + + 6-unosfen
(SYINO) SN (VOd) vt ++ ZHANL
AWIN 8 “OH pad 1 ‘(WeisL
(76 ‘€6) stopu3 TN XeulwnT ‘WnJas pue ewse|d ‘108 81) NP 92 ‘7102 (SYIND) wantttt (VOd) vt + + ol-dl
19SUO
Joye sIA g'gl ewi Uelps| (OHSA) , (Sva unis) SN (Sva) SN (Sva) SN oL-dl
S|0JJU0D
payorew xes-+obe g (OHSN) .. '(SYQ UMS) SN (Sva) SN (sva) . + L-dOIN
(¢6) Jouves AemioN XBUILUNT ‘WNJeg AQP 7S (OHSN . (SYa uMs) v+ (Sva) sN (SVQ) wt uixe}o3
war 6z (Sva) .+ +:% (SVQ) w4 + 19 81008 BUOWBYO N4|
(1.6) Jolyoeeg VSN HOd-LHb ‘poojg 8oy AQr 22 (Sva) SN 4 (Sva@) SN 9 81008 8USb Nl
Aesse (OHSN) . ‘(SYyuow 9g 1e (syuow 9¢ 1e
(06) plomaiN vSN  Jepodel [euonouny ‘wnisg OH pad 61 pue NAr 68 Ade1oul JO ‘SYQ UNS) L. 4HH# (Sva) SN Adeseus o ‘SvqQ) . Aunnoe oN4|
peleai) (N4 'sva) .+ ++
(68) J0uu0D,0 vSn HOd-1db ‘ONEd /2 ‘peyesnun /2 NG 108 | (Svaums)sSN (O ‘'sv@) .« ++++ WX
sia)Jewolq pajeja.l uoiadu|
Aianoe Aianoe
S9oua.9)ay Hoyon anbiuyoa) ¥ |elvleN sjuaned sainseaw AjAnoe Jayl0 aseasIp ajosn\ aseaslIp |eqo|n Jayewolg

"SHOYOO NP Ut Aunioe esessip Joy siespewold | 1 379VL

December 2018 | Volume 9 | Article 2951

39

Frontiers in Immunology | www.frontiersin.org


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Biomarkers and Immunopathogenesis in JODM

Wienke et al.

(penuuoD)

S|le0 g [euonisuely

(VOd) waxt + + aInyeuw| Jagquunu ainjosay
JusWIyeaI}
uo g6 ‘Juswiealy-aid
(901) dedid AN Anowoiho mol4 ‘ONGd 02 :(seidwes g1 1) INAP 89 (VOd) vt + 4+ SIIOO g [BUOIISUEL BINFRWW| %
(B11%0) SN SN 9109 ul sebueyd
(B11%0) . SN SN az -1 ursebueyo
(enxe) , SN SN 91VLS ul sebueyn
(esxe) SN o . VIVIS
(exe) SN x SN EVLIVO
(enxe) SN x SN 42171
(SO1) elped op zedoT vsn HOd-14b ‘pooja 8joym jesuo-meu NAP 92 (e41xe) SN . . 0404
uolyelodiooul SUIPIWAUY-H g uolssiwai Ul /0 sBal|
‘A18W0IAD MO 'sA s3d ©AJOB | |/ Ul JO uopouny eAissaiddns eAoaeq
Ausiwayoolsiyounuul
(701) usinooseA IN ‘salsdolq 8Os wiel /g 10e |g NP 81 (SYWO) SN sball +edX04 %
oqd
At +£2100 -4a-vIH ul ebueyd
oqw
(eaxe) , + + +011QD -HA-VH ul ebueyd
s|le0
(€o1) eysuiq VSN Ajewoifo mol4 ‘ONgd war ve «++  1+6900+€00 % Ul ebueyd
w0l (++8800+/200-02a0+61a0)
uey) Joe Ul JoybiH sisejqewseld %
xex UM 8|80 | ¥A0 +5HOXO
ey} Joe Ut JaybiH ur Lyl/ZLur+zyl) oney
OH pad gt ‘weigg ‘Joe OB
(c01) ewon VSN Answoifo mol4 ‘“ONGd 9¢ :(se|dwies gg) NAr SY ey} wes ulJeybiH - slI90 | #a0 +SHOXO UILHM LyL
walQ| ‘e 09dsH
(LOoL) 13 IN  Aesse mc_c_E\AE.Im ‘ONgd 9 ‘}J@suo-mau 9 INAr 22 1OB UBY} WaJ ul JoybiH uewNy Jo uoljubooal |80 |
(SVA) SN (HQ-VH ‘G2QD) UoheAnoe (80 |
(Sva) sN s1esqns ||8o |
(001) uieisussig VSN Answo1fo moll ‘OINgd (sva) . ++ SlIe0 +61.d0% Ul sebueyD
$13S9NS 1130 ANNNINIL
waig sjuaied
(66) seeH MN wnieg pue asdejl Buunp & IAArN 6 Ul @sdejas Buunp mo d4do
Aianoe Aianoe
saoualajey Hoyoo anbiuyoay g [eudlep sjuaned sainseaw AJAOE JBYIO aseasip a|osn\ aseasip [eqo|n Ja)sewolg

panunuog | 1 318VL

40 December 2018 | Volume 9 | Article 2951

Frontiers in Immunology | www.frontiersin.org


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Biomarkers and Immunopathogenesis in JODM

Wienke et al.

‘uonoral Ureyo eselrewAlod awi [eal aaeuenb ‘HOd-14b S|eo Jesjonuouow poojq
[esoydued ‘OnNgd ‘Aydeiborewolyo pinby eouewoped-ybly “O1dH ABSSe Ju8qIos ounuiw paxul-ewAzus ‘vSI73 :enbiuyos) ® [eLsiewl SuoieIneIqqy “dn-mojjo) ‘N4 ‘oseasip JO JoSU0 ‘O 8SBasIp anssi) 8A}0auU0d ‘q10 ‘uoneiuedsues)
1[0 Wiays snobojoine ‘| HSE ‘aseasip ejosnw Alojeuuwieyul-uou ‘guVIN ‘Sieak ‘siA faseasip aoeul/onewoIdwASE/UOISSIWBI ‘Wa. faAoe ‘Joe foLeipad ‘pad [j0.3u0d Ayireay ‘OH sisoAwAjod ejiuaan ‘W4 suisoAwoeuLiap sjiusAnl ‘Nar
:Suened suonEINeIqqY "SWOoAWAS JBjnosnwlIxa/elofexselxe ‘lixe ‘Apoqiue Jesjonu-ue YNy Bulbew) ooueuosal oeubelu 14y ‘ereuuonsanb JUsWSSasSe Ayieay Pooypliyd ‘OYHD Sj0uod Ayyesy 0} pasedwod ‘DHSA ‘8eos
JUBUISSBSSE SIISOAL POOYPIIYD ‘SYIND Buise ajosnw fenuewu ‘| N Xapul AYAIIO. 188.) 01 UORUBIUI SHISOAW ‘X[ [\ ‘S8[eos BOJRUE [BNSIA JUBWISSESSE A}IN0B 8SBaSIP SINISOAN ‘1OVOAN ‘SYA Alnioe [eqojb s,ueioisAyd ‘vod ‘efeos Boeue
[BNSIA ‘SY/A ‘81008 AN 8SBSSID ‘SY/J AN 8SBSSID SUOKBINGIQQY " UIWBlA ‘d(HO)SZ ‘uieioidod) Aysuap ybiy “JgH o 4ouusboud [eyayiopus ‘D43 10108) PUBIGSJIA UOA YANA funnepsiul ) oo | Aloieinbay ‘Ba.j 8o onLpuap
piopfoewseld ‘Dad ‘oo onupusp piopAw ‘Dgw Ledipy | ‘Y4l ‘09 uioid xooys jeay ‘p9dsH ‘upioid ennoeai-D 44D (6/9V00LS) /8 Uieioid pajejel piojpAw ‘¥ 1 /844N Lo1dedsl Z-upnaleiul HZ-T] ‘g J0ideda. 1010.) SIS0I08U Jown|
‘ZHANL ‘0LTOXD ‘0L-dl ‘2700 “L-dOW ‘UOIBLBIUI ‘N ‘SISXBWIOIG SUOHBINSIGQY Aloyj0ads “0ads !Aynsues ‘Sues JUBOYIUBIS 10U ‘SN *L00'0 > dxw 'LO'0 > dw ‘SO0 > dlx ‘0OUBOYIUBIS [RONSHBIS “UOHEISLIOO UOSIBa (%1 '8 0— > S

SHHHE 90— S SIfE B0~ S S ‘Z0— > Sk ‘90 < Sttt ++ ‘90 S Skt 4+ 4 p0 < S+ ‘20 < S+ peyosds esimIsylo SSajun UMOYS 81 St/ [B18[eXSBIXE/UNS/B[OSNW/EGOID LM SIOYIBWIOI] JO (SI) SUOJESLI0D UBULESAS

(enxe) ,+ ot ot unsisey
(71 1) nsebeze|Q VSN HOd-LHb ‘poojq 8joy NQr 92 (enxe) SN o SN 9l

(LNt (XVLIN) « + +
(LOVOAW) vt + + 191 (SYND) ottt sV (SVQ) st + + A1y SepLSoAIBUL
(€1 1) nzoy llzelg wnieg NQr g2 (LOVOAN) 4 4+ :% (SVIND) i 191 (Sva) .+ +:9 aan

(LAIN)
(@11)elkoD VSN wnieg AP L ‘War 9t (OVHO ‘UMS) SN SN (SYWD) » + + (vod) SN JaH
WSITOgVL3W aidi
wal g ‘pew uo
(111 nx VSN AjeWwoiko mol4 “ONgd 10e 61 ‘peresiun 9 INAP vS (Sva ums) SN (Sva) SN Jequinu Dd3
L) nx VSN 4Od-1Y ‘seisdioq epsniy QP peresnun G| (Sva unis) SN (Sva) SN (Sva) SN B0 L-YNUIN
(OHSA) s uabljue pajejes-|||A J030e4
(OHsA) » v epidedounqi4
sIsaioydoapyale-ounuuwl
19X00. pue

AResse ounwwiolpel  OH pad G| ‘wal g ‘eseasip jfo)c}
(601) noog VSN ‘Bwiseld pIW G ‘108 2 INQP G yum sid //9 ul peyensig peo

(IMnA uBly pey
(801) wooig VSN wnieg NP GL (s1souroeo ‘yses unis) SN (Urbuess ejosnw) SN 108 G1/9) 070 SUeS BTN

(orey

(£01) vewzng VO wnies anposdsold ‘WAr 9L 10y Gi°0 08dS {Gg'0 sues BT
NOILONNISAQ HO NOILVAILOV TVITIHLOANT OL A3LV13H SHIANHVIN

Aianoe Aianoe
sooual9yey Hoyosn anbiuyoa) ¥ |elvleN sjuaned sainseaw AjAnoe Jayl0 aseasIp ajosn\ aseaslIp [eqo|n Jayewolg

penujuoD | | 319VL

December 2018 | Volume 9 | Article 2951

]

Frontiers in Immunology | www.frontiersin.org


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Biomarkers and Immunopathogenesis in JODM

Wienke et al.

(penunuo?)
(enxe) ,+ o+ wt PINL
(e11x0) SN + o+ 8-l
(eaixe) .+ v T v T 9l
(enxe) SN v T SN 2-dON
(enxe) ,, + + ot w L-dOIN
(enxe) ,, + + ot ot Tt OVl
(BAIXO) yuu + + P o T Ok-dl
AResseounwil Yompues

paxa|diynw ‘wniesg (B41X8) Lpx + + oy T v T 1+ ©100S BuUBOWBYD N4| | 9dAL

(e/dwies uoissiwe.

pue eAloe Yyoes) NJ 0

‘(e|dwies uoissiwal pue
(211) peey vsn HOd-LHb ‘poojq sjoyn BAloe Yoes) NAr 12 (es1xe) SN wt Tt «+ 81008 8Uab N4 | 8dAL
(e-dOW pue *L-dON ‘OL~d
(POXIW “LININ) sttt ‘OV.LI JO uolezuewwns)
(B11x0) . + + ‘(UBS) ,+  (PEXIW ‘SYA) v+ (POXIW) it + + (AQN) « ++  ©100S BUNOWSBYO N | 9dAL
SN 8- "9 L-dI "OIN
o+ [RSEINIR
Wt PNL
Wt oLl
(©nx®) o+ + (Udis) .+ (LANIN) w#t#t ‘(SYA) vt o T 91l
o T+ o-dIN
o T+ 2-doOnN
T+ L-dOW
oot T+ ovL-l

AResseounwiwl Ydimpues
paxa|dinw ‘wnieg o T H Ok-dl
OH (LA)

(91 1)ab1g vsn HOd-Ldb ‘poojd 810U Pe OZ ‘NG L€ ‘WAr 61 (BAx8) .+ (UMS) .. + + widt# (SYN w ++ ot 8100s 8USB N|
wt T+ 2-dOW
At L-dOIN
SN oVl
XaullnT ‘wnieg SN Ol-dl

OH
(G1 1) Jeyoseg VSN Aelreosolw ‘poojq BIOUM  Pe GL A Ol “INdr € SN ainyeubis N4| | edAL
siayJewolq pajeja.l uoiadu|

sainseaw fAianoe

Saoua.9)oy Hoyod anbiuyoe) ¥ |euvle (so|dwes) sjuaned RAianoe say10 aseasIp 9|9shi\ RAanoe aseasip |eqo|n Jayewolg

‘NP yum sjusired Bulurejuoo spoyod paxiw ul AJAiOe asessip U0y siexsewold | g 319v.L

42 December 2018 | Volume 9 | Article 2951

Frontiers in Immunology | www.frontiersin.org


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Biomarkers and Immunopathogenesis in JODM

Wienke et al.

(penupuoD)

OH pe
28 ‘Wel Nd 2& ‘108 INd
€1 ‘wel N 0z ‘(Inar

(INQ) «Wwies ueyy 1oe Ul JeybiH
(INQ) «wel ueyy Joe Ul JeydiH
(INQ) +.10B Uey) wai ul JaybiH
(INQ) .30e Ueyy wal ul JoybiH

(NQ) L30e By} Wes Ul JeyBiH

SII90 L +¥A0 40 +1-11 %
SlI®0 +61Ad0 %

SII80 1. 800 4O +4ANAI %
S0 1 #00 4O +4ANHI %
S92 +8A0 %

(cz 1) ezsyy AreBuny Apwopfo mol4 “ONEd < Yolum JO) J0B INQ 62 (NQ) «30e B} Wes Ul JeyBiH s||eo +£a0 %
(war
10U ‘NQ) LWds ueuy) 10 Ul JeyBiH s[90 +02a0 %
(inar
10U ‘NQ) L30B UBY} Wi Ul JeyBiH s||eo +800 %
OH pad 6 ‘OH (inar
(12 1) eps| ueder Apwomo mol4 ‘ONGd  Pe L ‘INA v2 A ¥L 10U ‘NQ) LJ0B UBY} Wi Ul JeyBiH s|leo +£a0 %
$13s49NS 1130 ANNNII
(OvH) an) .. ++
SN ‘(es1xd) .+ NN (LA e SININTT oot AT ZIN-uy
@an
(OVH ) SNANINT et “(LIAIN) SN NN SN NN dySs-huy
(en1xe) SN 3NW) SN
(OVH) st + + AT (LA sttt NN ot AN AL4IL-huy
(poyoo
paxIw u| sesAfeue |e)
uopeydiosidounuiw uigjold Nd 92 ‘Nd 92 ‘War (OVH) s + + @A) st ++
(38) remIebby VSN Pue YNY ® VSIM3 ‘wnies 8y :s1d Auojoeley ‘(41X8) ot NN (LININ) vttt SININTT e+ NN Lop-nuy
(Auanoe 44vg
(poxXIW BAIXD) o\ + + (poxi) .+ (poxIW) 4 + + sereInbelumop) 44vgV
OH 2 ‘Wal 2 ‘Nd
(0z1) eilped op zedoT VSN HOd-14b ‘ONgd 9z ‘WA ¥ ‘Nar o0z (poXIU “BAIXB) 4yt (poxiw) .+ (PEXIW) 44vd
OH 08
olgndey yoszo NGl 9 ‘Wd v ‘(nar
(61 1) erosynsAy B USPOMS VSIM3 ‘winieg 1< Yolum Jo) INa 6% (PEXIU M) st EE!
0) « + + (CH4ANLS) GZHANLS
OHZL ‘WO 2 ‘Nd ¥
(81 1) Aeqen puUBLOZIMS VSIM3 ‘wniss  ‘Nde0 g INd S ‘War ¢ (OHSA) s >0) .« ++ w1 uey} Joe u ybiHy eyl
NOILLYIWINVTANI 40 SHIMHVIN H3HLO
sainseawl fAianoe
EELIEIETET| Hoyon anbiuyosay B |eusle (se|dwes) sjuaned Auanoe soylQ aseasIp 9|9shi\ Aanoe asessip |[eqo|H JayJewolg

panunuoD | 2 31avL

December 2018 | Volume 9 | Article 2951

Frontiers in Immunology | www.frontiersin.org


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Wienke et al.

Biomarkers and Immunopathogenesis in JODM

[’ —_
o P <
= 5 IS
) o 5
® S °
o« < o
§ <
K=
<] 53 &
(& - D
()]
=]
g
£
8 < <
- n N
C.] 3 |
T (i} (W}
g . N
s & &b
[oe}
— = a
2 a =
B “ 2o
& = 38
L ~ o <
s N [T
= - - =
5 >0 =5 3
= [agun 05
© ) 208
o [folaV} < Q>
s X
g8 | ME
T 5 £
I-‘n )
s e
<
o E z
Q
7] Zz -
3 o8 =
2 2 3
h=] gE é
2 2 Y
s  BS
= 7 o
17 € =
= E B
o«
o ko)
z 2
(] €
2 = ht
2 2 §
o (= =
©
o 2 &
7] < <
3 2 5
@ = &
T % c
8 = 3
° = ke
(] 2 T
2
o
3 g
2 3
= ]
3 [
© 5 2 c
N X w 35
w © X > D s
a | E T < 3=
2 2 =S 4|0
[ =] (1] Em » %)

NS (mixed)

sICAM-3, sVCAM-1,

sL-selectin, sE-selectin

Spearman correlations (rs) of biomarkers with global/muscle/skin/extraskeletal VAS are shown unless otherwise specified. +:rs > 0.2, ++:rs > 0.4, +++:rs > 0.6, + +++:rs > 0.8, #:rs < —0.2, ##:rs < —0.4, #i#t#:rs < —0.6, ####rs <

—0.8. r:p: Pearson correlation, LMM, linear mixed model. Statistical significance: *P < 0.05, **P < 0.01, ™*P < 0.001, ***P < 0.0001, NS, not significant. Abbreviations biomarkers: IFN, interferon; MCP-1, CCL2; MCP-2, CCL8; IP-10,

CXCL10; ITAC, CXCL11; MIP-1a, CCLS; IL, interfeukin; TNF, Tumor necrosis factor; TNFR1 /2

TNF receptor 1/2, MIG, CXCL9; MIP-18, CCL4, IL-1Ra, IL-1 receptor alpha; BAFF, B cell activating factor. Abbreviations disease activity: CK,

creatine kinase;, ME, muscle enzymes; VAS, visual analog scale; MMT, manual muscle testing; HAQ, health assessment questionnaire; extra, extraskeletal/extramuscular symptoms. Abbreviations patients: JOM juvenile dermatomyositis;

JPM, juvenile polymyositis; DM, adult dermatomyositis; caDM, cancer-associated DM; PM, adult polymyositis; OM, overlap myositis; IBM, inclusion body myositis; SPA, spondylartropathy; SLE, systemic lupus erythematosus; SSc,

systemic sclerosis; MCTD, mixed connective tissue disease; HC, healthy control; ped, pediatric; ad, adult; act, active; rem, remission/asymptomatic/inactive disease. Abbreviations material & technique: ELISA, enzyme-linked immuno

sorbent assay; PBMC, peripheral blood mononuclear cells; gRT-PCR, quantitative real time polymerase chain reaction.

(IFNa and IFNB) in JDM. This notion may be challenged
by a recent study measuring circulating IFNa with a highly
sensitive assay and investigating the cellular source of IFNa
in several systemic inflammatory diseases. JDM patients had
higher levels of circulating IFNa than patients with systemic
lupus erythematosus (SLE), but lower levels than patients
with monogenic interferonopathies. However, neither isolated
circulating pDC nor other circulating immune cell subsets from
JDM patients expressed more IFNa than cells from healthy
controls, suggesting that a non-circulating cellular source may be
responsible for IFNa production in JDM (138).

Due to the lack of available methods to measure circulating
IFNa and IFNP until recently, the type 1 IFN signature,
consisting of genes upregulated in response to IFNa or IFNB
stimulation, was used as a surrogate marker of type 1 IFN
levels. The type 1 IEN signature in whole blood of three mixed
DM and JDM cohorts correlated weakly to moderately with
global disease activity [spearman r (rs) = 0.33-0.44] and muscle
activity (rs = 0.44-0.47), while single IFN signature related
serum chemokines MCP-1, IP-10 (CXCL10) and ITAC (CXCL11)
had moderate to strong correlations with global (r, = 0.42-
0.66), muscle (r; = 0.44-0.50), and extraskeletal disease activity
(rs = 0.42-0.55) (115-117). MxA expression in PBMC, also used
as a surrogate for the IFN signature, had a very strong correlation
with muscle disease activity of JDM patients (r; = 0.80) at
disease onset, but not with skin disease activity (89). IFNa activity
measured by a functional reporter assay was also higher in JDM
patients than controls (90).

Recently, IP-10, TNF receptor 2 (TNFR2) and galectin-9 were
found to strongly correlate with global disease activity (r = 0.60-
0.75) in two studies by Enders et al. (93, 94) IP-10, together with
MCP-1 and eotaxin, was also higher in 54 JDM patients a median
of 17 years after disease onset than matched healthy controls (92).
TNFR2 correlated with CK in a mixed IIM cohort (r; = 0.55)
(118). Galectin-9 was recently identified as a biomarker for the
IFN signature in SLE and anti-phospholipid syndrome (139).
IP-10, TNFR2 and galectin-9 are promising biomarkers for
disease activity, as they can potently discriminate between active
disease and remission even during treatment (93, 94). After stem
cell transplantation and concomitant eradication of circulating
immune cells, their levels stayed high over several months,
which suggests that these proteins are not primarily produced by
circulating immune cells, but rather by non-circulating immune
or tissue cells, just as IFNa (94, 138). IP-10 and galectin-9 are
currently being validated as biomarkers for disease activity in two
large international JDM cohorts.

One of the best investigated biomarkers so far in JDM is
neopterin, a catabolic product of guanosine triphosphate, which
was previously shown to be a marker of immune activation that
can be induced by stimulation with IFNy (140). In the first study
identifying serum neopterin as a biomarker for JDM, neopterin
levels correlated strongly with muscle strength impairment in
15 JDM patients (ry = 0.68) (96). Elevated serum neopterin
levels at diagnosis compared to remission were confirmed in
an independent cohort (95). In a juvenile myositis validation
cohort, plasma neopterin (n = 13), and quinolonic acid (n = 24),
however, did not correlate with myositis disease activity measures
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(97). Urine neopterin (n = 45) moderately correlated with
global (r 0.42), muscle (rs = 0.50-0.62) and skin activity
(rs = 0.49), and edema on MRI (r; = 0.55). Urine quinolonic
acid also correlated with global and muscle activity and edema
on MRI (rg = 0.45-0.61) (97). Despite these efforts of validation,
neopterin has not been widely implemented into clinical practice
as a biomarker for disease activity in JDM.

Other inflammatory mediators

Next to type 1 IFN-related markers, other inflammatory
mediators have been studied as biomarkers for JDM. The
innate TLR4 ligand myeloid related protein 8/14 (MRP8/14
or S100A8/9), originally found to be elevated in patients with
systemic-onset juvenile idiopathic arthritis (JIA), correlated
moderately to strongly with global and muscle disease activity
in a large cohort of 56 JDM patients (r; = 0.55-0.65) (98, 141).
Another marker adopted from studies in JIA, the soluble IL-2
receptor, was elevated at disease onset compared to remission
(95, 142). Serum/plasma levels of the more conventional pro-
inflammatory cytokines IL-6, IL-8, and TNFa also moderately
correlated with global (r¢ = 0.19-0.46) and muscle disease
activity (s 0.35-0.52) in three mixed JDM and DM
cohorts (116, 117). Remarkably, CRP levels did not increase
during disease flares (99). BAFF and especially its antagonistic
non-cleavable form ABAFE both important for survival and
maturation of B cells, moderately correlated with global, muscle
and extraskeletal VAS (rs = 0.27-0.54), and CK (s = 0.37) in two
mixed IIM cohorts (119, 120).

Markers related to vasculopathy and cardiovascular risk

Due to the vasculopathic component of JDM, markers related
to endothelial activation and dysfunction were explored for
their association with disease activity. Von Willebrand factor
(vVWEF) was increased during most periods of active disease
in a prospective cohort study, but did not reliably predict
disease flares in another study (107, 108). SICAM-1, a marker
of endothelial activation, was higher during active disease than
remission in a combined cohort of juvenile patients with
various systemic autoimmune diseases. VCAM-1, sICAM-3,
and L-selectin did not correlate with disease activity, although
expression of MiRNA-10a in JDM muscle, which is negatively
associated with VCAM-1 expression, showed a correlative trend
with muscle and global DAS [Pearson r (r,) = —0.45] (110,
123, 124). C3d and fibrinopeptide A, which are related to
vasculopathic changes, were higher in JDM patients with active
disease than in remission (109). Endothelial progenitor cell
numbers did not differ between JDM patients and controls and
did not correlate with disease activity (111).

In view of the increased cardiovascular risk in JDM patients,
the lipid profile has been investigated in relation to disease
activity (41). Serum HDL negatively correlated with muscle
activity (r = —0.54), but not global or skin activity (112).
Triglyceride levels correlated strongly with global disease activity
assessed by DAS (r; = 0.61) and LDL was higher in patients with
a higher disease activity (113). Gene expression of the adipokine
resistin in PBMC was also upregulated in JDM patients compared
to controls and moderately correlated with global and muscle

disease activity (r; = 0.51 and r; = 0.50, respectively) (114).
These results indicate that the cardiovascular risk profile is more
pronounced in JDM patients with active disease.

Circulating immune cell subsets as biomarkers for disease
activity

Among the circulating immune cell subsets, T cells and B cells
have been studied most extensively in relation to disease activity
in JDM. In two mixed cohorts of JDM and DM patients, the
frequency of T cells, and especially CD8+ and IFNy-producing
T cells, was decreased during active disease, while the frequency
of B cells and IL-4 producing CD4+4 T cells was increased
compared to remission (121, 122). This may suggest a shifted
balance toward a T helper 2 (Th2) type immune response. In
cohorts with only JDM patients, total B cell numbers were also
increased compared to controls and changes in B cell frequencies
accompanied changes in disease activity (rs = 0.47) (100, 106).
Within the B cell compartment, numbers and frequencies of
circulating immature transitional B cells correlated strongly
with global disease activity (r; = 0.69-0.71). Compared to
healthy pediatric controls, these specialized B cells were highly
proliferative, had a prominent IFN signature and produced less
of their regulatory signature cytokine IL-10 (106). Plasmablast
frequencies were also increased during active disease compared
to remission (102).

Several T cell subsets have been studied in JDM. In 26 new-
onset JDM patients the blood gene expression of Th17-related
genes, such as RORC and IL-17F, Thl-related genes, including
STAT4, and Th2-related genes, including GATA3 and STATS,
was studied in relation to disease activity. RORC, IL-17F, STAT4,
and GATA3 positively correlated with muscle activity and RORC
and STAT4 correlated with global activity. This would suggest
that the immune response is not specifically skewed toward a
certain T helper response. However, at baseline, JDM patients
had higher gene expression of Th17 related cytokines IL-23, IL-
17F, IL-6, and IL-21 than DM patients, indicating that the Th17
pathway may play a more prominent role in the pathogenesis
of JDM than DM. Changes in BCL6, a transcription factor for
follicular helper T cells, correlated negatively with a change in
extramuscular activity (105). Within CXCR5+ follicular helper
T cells, the Th1 subset was decreased in active JDM compared to
remission and controls, and Th2 and Th17 subsets were increased
in JDM compared to controls (102). Regulatory T cell frequencies
in muscle biopsies did not correlate with muscle activity, but
suppressive activity of circulating Tregs may be impaired during
active disease (104). Finally, global disease activity correlated
moderately with the activation status of circulating T cells
assessed by CD69 expression (rs = 0.43), but not with CD25 and
HLA-DR expression (100, 103). The expansion and functional
alteration of particular B cell and CD4+ T cell subsets, coinciding
with changes in disease activity, hints toward the involvement of
these cell subsets in the pathogenesis of JDM.

In conclusion, many circulating, either soluble or cellular,
markers have been studied for their relation with muscle and
global disease activity. Correlations with disease activity were
only moderate for most markers, and some of these molecules
are relatively unstable in blood samples or complicated to
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measure, rendering them unsuited for use in clinical practice. The
highest correlations with disease activity were found for markers
related to the IFN signature, the lipid profile, for MRP8/14, and
immature transitional B cells. However, most of these biomarkers
were identified in small patient cohorts and except for neopterin,
so far none have been reproduced or thoroughly validated in
independent and large JDM cohorts. Neopterin was investigated
in a validation cohort, but its correlation with disease activity
could only be confirmed in urine, not in plasma. Galectin-9 and
IP-10 are currently being validated in two international cohorts
and are promising biomarkers for implementation in clinical
practice due to their high sensitivity and stability in serum.

Biomarkers for Extramuscular Disease Activity

Next to markers for global and muscle disease activity,
biomarkers for involvement of specific tissues and organs have
been investigated. Four studies by Kobayashi et al. have focused
on biomarkers for ILD, and specifically the rapid progressive
(RP-ILD) and chronic ILD type, in a Japanese JDM cohort.
Not only the presence, but also the level of anti-MDA5 was a
sensitive and specific marker for ILD, with the highest levels
found in patients with RP-ILD (8, 143, 144). In addition, BAFF,
APRIL, KL-6, and IL-18 levels were higher in patients with RP-
ILD compared to chronic ILD and JDM patients without ILD
(145). KL-6 was prognostic for ILD, as it stayed high in patients
with persistent damage on HRCT (144). Biomarkers for cardiac
involvement were tested in a Norwegian JDM cohort, a median
of 17 years after diagnosis. Eotaxin and MCP-1 were elevated
in patients with cardiac dysfunction and correlated moderately
to strongly with systolic and diastolic dysfunction especially in
patients with persistently active disease (r; = 0.45-0.65) (146).
In the same cohort, a reduced heart rate variability, which is
an indicator of cardiac disease, correlated moderately with ESR,
hsCRP, and also MCP-1 and eotaxin levels (ry = 0.29-0.47) (147).
Next to the autoantibody NXP2, which is prognostic for the
development of calcinosis, phosphorylated matrix Gla protein
was shown to be higher in patients with calcinosis than without
calcinosis (79, 148). Reduced osteocalcin levels were found to be
predictive of reduced bone mass, even before start of steroids
(149). The presence of the TNFa-308A allele is associated with
a more severe disease in JDM. However, apparent associations
with this allele are likely to reflect the association with ancestral
haplotype 8.1 due to linkage disequilibrium and should be
interpreted with this in mind (150). Patients with this genotype
are reported to show prolonged symptoms requiring >36 months
of immunosuppressive therapy, a higher incidence of pathologic
calcifications, increased production of TNFa by peripheral blood
mononuclear cells in vitro and JDM muscle fibers in vivo, a
higher IFNa activity and a higher rate of complications arising
from occlusion of capillaries. Vascular occlusion has been linked
to higher levels of the anti-angiogenic thrombospondin-1 (90,
151-154). In summary, a number of potential biomarkers for
extramuscular disease activity has been identified, and especially
for ILD and cardiac dysfunction the biomarkers seem promising.
Validation in independent cohorts will have to confirm their
potential as biomarkers for these extramuscular symptoms.

Histopathology of Muscle and Skin
Biopsies

The diagnostic criteria for JDM by Peter and Bohan encompass
histopathological findings consistent with DM: “necrosis of
myofibers, phagocytosis, regeneration with basophils, large
vesicular sarcolemmal nuclei, and prominent nucleoli, atrophy
in a perifascicular distribution, variation in fiber size and an
inflammatory exudate, often perivascular” (155, 156). For a long
time, muscle biopsies were therefore taken as part of routine
diagnostic workup. However, with evolving diagnostic options
and more specialized trained pediatric rheumatologists muscle
biopsies are currently not always considered a necessity for
diagnosis (135).

One of the main problems hindering standardized evaluation
of muscle biopsies was the lack of an internationally agreed
upon scoring tool. An international consensus group of pediatric
rheumatologists and pathologists developed such a tool, which
encompasses 4 histopathological scoring domains: inflammatory,
vascular, muscle fiber and connective tissue changes (157). The
scoring tool has now been validated in an independent cohort
consisting of 55 patients and was found to correlate with clinical
measures of disease activity, including CMAS, PGA, and MMT-
8 (rs = 0.40-0.62) (45). Muscle biopsy scores may also have
prognostic potential: in combination with MSA group, these
scores were found to predict the risk of remaining on treatment
over time, based on analysis of muscle biopsies from 101 JDM
patients (158).

The most common findings in muscle biopsy specimens
in JDM compared to healthy individuals or patients with
non-inflammatory muscle diseases, are profound upregulation
of MHC I expression on muscle fibers, increased expression
of integrins and complement and membrane attack complex
deposition on capillaries and perimysial large vessels, a type 1 IFN
signature and immune cell infiltrates consisting mostly of mature
pDC, memory CD4+ T cells, and B cells (48, 52, 159-169).
(Figure 1) The IFN signature, measured by expression of MxA,
correlated with muscle disease activity (166). In skin biopsies
similar features are found, with the additional presence of diffuse
mast cell infiltration (164).

Several studies have suggested associations between
histopathological findings in muscle biopsies and disease
duration before the biopsy or disease severity at a later time
point. Biopsy specimens taken after a short duration of untreated
disease (<2 months), showed higher expression of VCAM-1
(which correlated with higher serum soluble VCAM-1) and
expression of genes involved in stress response and protein
turnover, whereas biopsies taken after more than 2 months of
untreated disease had more pDC infiltration, higher expression of
genes involved in the immune response and vascular remodeling
and more apoptosis-related markers (171-173). Thus, it should
be taken into account that histological findings can depend on
the disease duration before the biopsy. In addition, these findings
may indicate that endothelial activation is an early feature of
JDM, which precedes immune cell infiltration and vasculopathy.

The degree of vasculopathy and vascular injury (as defined by
marked capillary dropout, increased direct immunofluorescent
arterial staining and lymphocytic vasculitis, amongst others)
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FIGURE 1 | Histopathological features and biomarkers in JDM. JDM is characterized by vasculopathic changes in the tissues, with loss and dysfunction of endothelial
cells, leading to capillary dropout and subsequent atrophy of muscle fibers. The exact chain of events leading to loss of blood vessels and muscle fibers is not known,
but it is thought that both overexpression of MHC-I (and MHC-Il) on myocytes and endothelial damage are early events in the cascade (159, 170). They result in the
first attraction of immune cells to the tissue, probably by a stress response of the myocytes and endothelial cells, leading to a first production of chemoattractants. The
immune cell infiltrates, which can be organized in lymphoid structures, consist mostly of CD4+ and CD8+ memory T cells, B cells, mature plasmacytoid dendritic cells
(pDC) and monocytes. CD4+ and CD8+ T cells are considered responsible for direct killing of muscle cells. pDC are considered the main producers of type |
interferons (IFNs), which explains the IFN-I signature that is found in the muscles of JDM patients. Some typical IFN-inducible chemokines, CXCL9 (MIG), CXCL10
(IP-10), and CXCL11 (ITAC), are known for their angiostatic properties. The receptor for these cytokines, CXCRS, is upregulated on endothelial cells in JDM muscle,
which may be one of the factors contributing to endothelial dysfunction (137). Other factors include anti-endothelial circulating antibodies (AECA), complement and
membrane attack complex (MAC) deposition on endothelial cells. Endothelial cells in muscle also express high levels of ICAM-1 and VCAM-1, which further enables
extravasation of immune cells into the tissues and promotes a positive feedback loop resulting in further tissue damage. Not only immune cells in the tissues, but also
circulating immune cells show a type | IFN signature and increased IFNa activity. Various circulating markers reflecting immune activation and endothelial activation or
distress are increased during active disease in JDM and can potentially be used as biomarkers for disease activity.

was associated with a more severe and chronic disease, with
severe or persistent weakness, low remission rates at 12
months requiring additional treatment, subcutaneous edema,
and chronic ulcerative disease of the skin and gastrointestinal
tract (21, 55, 165). The degree of vasculopathy was also correlated
with the expression of angiostatic chemokines MIG, IP-10 and
ITAC (137). This indicates that the degree of vascular injury
may be one of the most important factors determining long-term
disease outcomes and that it is related to the IFN signature.

Not only the type of immune cell infiltration, but also the
organization of immune cells in the muscle is of significance
in JDM. Organization of immune infiltrates in lymphocytic
aggregates or lymphoid follicle-like structures with dendritic
cells and T cells, as compared to diffuse infiltrates, was associated
with a more severe disease course and less response to treatment
(174). MHC I expression, one of the most prominent and early
histological features in JDM, did not correlate with clinical
features of the disease (159, 160, 175).

The importance of thorough and standardized assessment of
tissue involvement is underlined by the fact that even in cases
with amyopathic DM, with normal EMG and MRI findings,

the muscle biopsy can show focal endomysial lymphocyte
and macrophage aggregates and 90% positivity for HLA class
I in the sarcolemma (176). Unrecognized, low-grade muscle
inflammation may be undertreated, resulting in a larger risk
of long term damage. However, muscle biopsy is not routinely
performed for children with JDM in all centers and therefore in
future, biomarkers which are measureable in blood and correlate
with biopsy features would represent a major advance.

IMMUNOPATHOGENIC IMPLICATIONS:
INTERFERONS AND VASCULOPATHY

From the biological research conducted in JDM so far, it has
become clear that IFNs and their signature play an important
role in the immunopathogenesis of JDM (Figure 1). The IFN
signature is detectable in muscle fibers, myogenic precursor
cells, endothelial cells, skin and several circulating cell subsets of
patients with JDM and could point toward a viral etiology (89,
106, 167). Although it has never been demonstrated definitively,
several studies suggest that infections may be more common
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before onset of JDM (177-180). Not only are IFNs potent
drivers of (auto)inflammation, they may also be anti-angiogenic
factors that could directly or indirectly contribute to endothelial
damage and loss in JDM: directly by inhibiting angiogenesis and
disrupting the vascular network organization and indirectly by
inducing several other angiostatic factors such as galectin-9, IP-
10, and ITAC (137, 181-186). In addition, type 1 IFNs inhibit
the generation of myotubes and induce atrophy-associated genes
in differentiated myotubes. Human skeletal muscle cells can also
produce large quantities of IP-10 upon stimulation with IFNy
and TNFa (186, 187).

Rather than being produced by circulating immune cells, IFNs
are probably mainly produced within inflamed tissues. Satellite
cells, active myogenic cells and endothelial cells in JDM muscle
strongly express IFNP (167). The notion that non-circulating
cells within tissues are responsible for IFN production also
fits observations by Rodero et al. (138). In particular within
muscle of JDM patients the dysbalance between angiogenic and
angiostatic factors can contribute to endothelial loss (137, 188).
Endothelial cells in JDM muscle downregulate genes related
to vessel development, cell adhesion and migration, which are
essential for angiogenesis (167). Downregulation of these genes
is likely a key event in the development of vasculopathy. Next
to being a target of the inflammation, the endothelium may also
play an active role in the inflammatory process. In biopsies from
JDM patients endothelial cells express inflammatory features,
such as high levels of adhesion molecules ICAM-1 and VCAM-
1, and produce cytokines and chemokines (161). These can
facilitate the attraction and invasion of immune cells into tissues,
thereby supporting the inflammatory process and subsequent
damage. IP-10 and ITAC were the most highly upregulated genes
in endothelial cells from JDM muscle and correlated with the
degree of vasculopathy (137, 167). Endothelium-derived IP-10
can even stabilize the interaction between T cells and endothelial
cells, thereby possibly contributing to the chronicity of T cell
infiltration (189). Recently, a new function has been ascribed to
endothelial cells as “semi-professional” antigen presenting cells,
which act as sentinels for antigens, and possibly self-antigens, in
tissues and facilitate T cell trafficking into these tissues (190, 191).
The high expression of MHC molecules on endothelial cells in
JDM muscle may support the notion that this process is involved
in JDM (160, 175). Although the exact mechanisms of interaction
between immune cells and endothelial cells in JDM are still
elusive, they may be more elaborate than so far recognized.

CONCLUSIONS AND FUTURE
PERSPECTIVES FOR BIOMARKER
RESEARCH

JDM is a multisystem disease. Not only the skin and
skeletal muscles are affected, but also other organ systems
and tissues such as the lungs, heart and intestines are
frequently (subclinically) involved and may be under-evaluated.
Vasculopathy due to loss and dysfunction of endothelial
cells as a result of the inflammatory process is thought to
underlie the symptoms in most of these organs and tissues.

Monitoring of disease activity and damage in all of these
affected tissues is important during clinical follow-up, as these
are key determinants for the long-term outcomes of patients.
Tools for monitoring of tissue activity and damage include
histopathological investigation of biopsies, and laboratory testing
of blood for specific biomarkers as well as several imaging
methods. Each of these methods has their strengths and
weaknesses and can be of value for specific diagnostic questions at
disease onset or during follow-up, as outlined in the consensus-
based recommendations for the management of JDM (135, 192).
There is still a need for minimally invasive, but at the same
time sensitive and specific diagnostic methods that correlate well
with clinical symptoms or reflect low-grade, local inflammation.
Tissue-specific biomarkers can therefore be of great value as a
monitoring tool.

To be able to identify sensitive, robust and reliable biomarkers
or develop monitoring tools, it is of key importance to set up well-
defined and large prospective patient cohorts, with a thorough
longitudinal collection of a standardized clinical dataset assessing
disease activity and organ involvement, paired with collection
of patient material (193). Such a dataset is required to ensure a
strict definition of active and inactive disease [e.g., as proposed by
Almeida et al. (72)]. An important consideration for a successful
biomarker study is the timing of data and sample collection:
depending on the purpose of the biomarker, time points before
start of immunosuppressive treatment, before each adjustment of
medication, during flares, at paired time points during active and
inactive disease or even at regular intervals of max 3-4 months
may be crucial to reliably investigate the potency of a biomarker.

Next to the “classical” statistical approach, comparing patients
with active disease and patients in remission (cross-sectionally
or in paired samples), new computational approaches providing
analysis methods that can integrate longitudinal data from
multiple patients and multiple (bio)markers or scoring tools
should be considered. These methods take into account the
fluctuating nature of a relapsing-remitting disease such as JDM
and are therefore better suited to test the reliability of a tool
that will be used for longitudinal follow-up in clinical practice
(194, 195).

To achieve implementation of a marker or tool into clinical
practice, both clinical and technical validation in independent
cohorts is of utmost importance. Only few markers prove to be
stable, reliable and easy to measure, which are key features for
a marker or tool to be suited for implementation into clinical
practice. Also the invasiveness of the method should be taken
into account. Ideally, a period of experimental implementation
can demonstrate the added value and feasibility of a marker or
tool in clinical practice. To achieve all this in a large group of
JDM patients to ensure sufficient statistical power, international
networks with well-established collaborations are fundamental.

Eventually, monitoring of disease activity with a reliable
tool can be used to guide treatment and thereby facilitate
precision medicine, with high dose therapy when indicated
but also preventing overtreatment. This may reduce both the
duration of active disease and thereby the disease-inflicted
damage, and medication side effects, which will benefit the
long-term outcomes on various domains, such as muscle
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weakness, organ damage, cardiopulmonary fitness, and quality
of life. Next to facilitating personalized treatment strategies,
newly identified biomarkers may also provide insights into
the immunopathogenesis of JDM and provide new treatment
targets. For instance, new treatment strategies targeting the
IEN signature, such as anti-IFN antibodies (sifalimumab) or
JAK-inhibition (ruxolitinib) have been shown to reduce the
IEN signature in blood and muscle of adult dermatomyositis
patients, and may therefore be promising new strategies
for patients with JDM (186, 196, 197). Several studies
discussed in this review suggest a strong link between the
IEN signature and vasculopathy; and vasculopathy has been
related to disease severity. Targeting the IFN signature may
thus benefit vascularization in JDM and thereby improve
outcomes.
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Neutrophils From Children With
Systemic Juvenile Idiopathic Arthritis
Exhibit Persistent Proinflammatory
Activation Despite Long-Standing
Clinically Inactive Disease
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Monica DelLay’, Sherry Thornton'? and Grant S. Schulert -
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Background: Systemic juvenile idiopathic arthritis (SJIA) is a chronic childhood
arthropathy with features of autoinflammation. Early inflammatory SJIA is associated
with expansion and activation of neutrophils with a sepsis-like phenotype, but neutrophil
phenotypes present in longstanding and clinically inactive disease (CID) are unknown.
The objective of this study was to examine activated neutrophil subsets, S100 alarmin
release, and gene expression signatures in children with a spectrum of SJIA disease
activity.

Methods: Highly-purified neutrophils were isolated using a two-step procedure of
density-gradient centrifugation followed by magnetic-bead based negative selection prior
to flow cytometry or cell culture to quantify S100 protein release. Whole transcriptome
gene expression profiles were compared in neutrophils from children with both active
SJIA and CID.

Results: Patients with SJIA and active systemic features demonstrated a higher
proportion of CD16TCDB2L'° neutrophil population compared to controls. This neutrophil
subset was not seen in patients with CID or patients with active arthritis not exhibiting
systemic features. Using imaging flow cytometry, CD16+CD62L"° neutrophils from
patients with active SJIA and features of macrophage activation syndrome (MAS)
had increased nuclear hypersegmentation compared to CD16TCD62LT neutrophils.
Serum levels of ST00A8/A9 and S100A12 were strongly correlated with peripheral
blood neutrophil counts. Neutrophils from active SJIA patients did not show enhanced
resting S100 protein release; however, regardless of disease activity, neutrophils from
SJIA patients did show enhanced S100A8/A9 release upon PMA stimulation compared
to control neutrophils. Furthermore, whole transcriptome analysis of highly purified
neutrophils from children with active SJIA identified 214 differentially expressed genes
(DEG) compared to neutrophils from healthy controls. The most significantly upregulated
gene pathway was Immune System Process, including AIM2, IL18RARP, and NLRC4.
Interestingly, this gene set showed intermediate levels of expression in neutrophils
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Neutrophils in Active and Inactive SJIA

from patients with long-standing CID yet persistent serum IL-18 elevation. Indeed, all
patient samples regardless of disease activity demonstrated elevated inflammatory gene
expression, including inflammasome components and S700A8.

Conclusion: We identify features of neutrophil activation in SJIA patients with both
active disease and CID, including a proinflammatory gene expression signature, reflecting
persistent innate immune activation. Taken together, these studies expand understanding
of neutrophil function in chronic autoinflammatory disorders such as SJIA.

Keywords: macrophage activation syndrome, S100, neutrophil subsets, gene expression, systemic JIA,

autoinflammation

INTRODUCTION

Systemic juvenile idiopathic arthritis (SJIA) is a severe and
distinctive subtype of juvenile idiopathic arthritis (JIA). Along
with arthropathy, SJIA is characterized by quotidian fevers,
evanescent rash, adenopathy, hepatomegaly, and serositis
(1). Children with SJIA are also at risk for life-threating
complications including macrophage activation syndrome
(MAS) and severe lung disease (2, 3). The pathogenesis of SJIA is
incompletely understood; however, it has many shared features
with the monogenic autoinflammatory disorders. In contrast
to autoimmune diseases, autoinflammatory disorders typically
lack autoreactive lymphocytes or high-titer autoantibodies, and
are instead defined by excessive and uncontrolled activation of
innate immunity (4). In support of this, SJIA is characterized
by increased circulating innate immune effectors, upregulation
of monocyte/macrophage differentiation genes, as well as high
levels of monocyte-derived proinflammatory cytokines including
IL-1, IL-6, and IL-18 (5-12). Children with SJIA also typically
have excellent clinical response to biologic therapy targeting IL-1
and IL-6 (13).

Neutrophils are the most numerous innate immune
effectors in the circulation, and have key roles in both host
defense and autoinflammation. Neutrophils ingest particulate
material through phagocytosis, and kill microbes through
overlapping oxidative and non-oxidative mechanisms (14).
Neutrophils are also key sources of proinflammatory mediators,
including the alarmin proteins S100A8/A9 (calprotectin) and
S100A12 (calgranulin C), which amplify innate immune
signaling (15). During severe systemic inflammation,
neutrophils become rapidly activated, leading to reactive
oxygen species (ROS) production, release of neutrophil
extracellular traps (NETs), and changes in gene expression
profiles (16). While neutrophils have classically been considered
terminally differentiated cells with homogenous functions,
increasing evidence suggests that functional neutrophil
subsets emerge during states of systemic inflammation.
This includes both immature “banded” neutrophils as well
as mature neutrophils with immunomodulatory properties
(16, 17). These later cells, sometimes termed “suppressive
neutrophils, are defined as CD16*CD62LY™, can display
nuclear hypersegmentation, have distinct transcriptomes (18),
and suppress T cell responses through ROS and direct cell
contact (18-20).

Neutrophils also appear to have key roles in the pathogenesis
of autoinflammatory disorders such as SJIA. Circulating
neutrophils are markedly increased in active SJIA (21), and
neutrophil numbers are associated with IL-1 related gene
expression profiles in whole blood (22). Neutrophil-derived
mediators such as S100 proteins are markedly elevated in
active SJIA (23). A recent comprehensive analysis of neutrophil
phenotypes in primarily new-onset disease significantly advanced
the understanding of these cells in SJIA (24). This work found
that neutrophil numbers strongly correlate with inflammatory
disease parameters, have a primed and sepsis-like phenotype,
and that circulating counts rapidly normalize with successful IL-
1 blockade. In many children however, SJIA has a chronic and
sustained disease course, associated with persistently elevated
serum IL-18 levels and epigenetic changes in monocytes (12,
25). In contrast, little is known regarding whether neutrophil
phenotypic and functional abnormalities persist in chronic SJIA
and/or clinically inactive disease (CID).

In this study, we examined neutrophil subsets, functional
properties, and gene expression signatures in large cohort
of children with SJIA, including new-onset disease, active
disease (both systemic and/or arthritic features), and CID. We
hypothesized that active SJIA is associated with significant,
proinflammatory changes in neutrophil phenotypes. We also
hypothesized that these changes persist in patients with
longstanding inactive disease but with signs of persistent immune
activation.

MATERIALS AND METHODS

Patients

This study was approved by the Institutional Review Board
of Cincinnati Children’s Hospital Medical Center (IRB 2016-
2234), and written informed consent was obtained from all
adult patients and from the parents or legal guardians of
enrolled children. Systemic juvenile idiopathic arthritis (SJIA)
was diagnosed based on the International League of Associations
for Rheumatology diagnostic criteria (26), though for several
patients, samples were obtained and treatment initiated with
disease duration <6 weeks, in agreement with the operational
definition of SJTA as described (27). Patients were considered as
having active SJIA if they had presence of any active arthritis;
any systemic features including rash, fever, adenopathy, or
hepatosplenomegaly; or elevated ESR or CRP. Patients were
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considered to have CID based on the Wallace criteria (28).
MAS was diagnosed per the treating physician; however, all
MAS episodes also satisfied the 2018 MAS Classification Criteria
(29). Patients were enrolled and peripheral blood samples were
collected during routine visits, and laboratory information was
gathered from testing done during the routine clinical care.
Serum was collected, alloquated and stored at —80°C until
analyzed.

Control samples were recruited from children undergoing
evaluation for joint pain at the pediatric rheumatology clinic at
CCHMC but found to have non-inflammatory conditions, as well
as healthy young adult donors (ages 18-30) through the Cell
Processing and Manipulation Core at CCHMC.

Neutrophil Isolation and Purification
Neutrophils were isolated from fresh whole blood collected in
ACD solution A vacutainer (Becton Dickinson, Franklin Lakes,
NJ) tubes. Briefly, neutrophils were isolated through density
gradient centrifugation as described (30). Cells were then further
purified using magnetic-bead based negative selection with the
MACSexpress Human Whole Blood Neutrophil Isolation kit
(Miltenyi Biotec, Germany), followed by hypotonic lysis of
remaining red blood cells. Neutrophil purity was assessed by flow
cytometry (see below) and was typically >98%.

Antibodies and Flow Cytometry

All antibodies were from BD Biosciences. Antibodies used
for these studies were Pacific Blue conjugated anti-human
CD14 (clone M5E2), FITC conjugated anti-human CD15 (clone
MMA), BV711 or PE conjugated anti-human CD16 (clone 3G5),
APC, or AF647 conjugated anti-human CD62L (clone DREG56),
BV421 conjugated anti-human CD193 (clone 5E8), and PE
conjugated anti-human Siglec8 (clone 7C9). Approximately 1
million neutrophils were stained for surface markers for 30 min at
4°C. For imaging cytometry experiments, cells were then stained
with 300nM DAPI (Thermofisher, Waltham, MA) for 10 min.
The cells were then washed with FACS buffer (PBS supplemented
with 1% fetal calf serum) prior to filtering and transferred to 12
x 75 mm polystyrene tubes. Cells were acquired using a BD LSR
Fortessa analytical cytometer. Data was analyzed by FACSDiva
and Flow]Jo software.

Imaging flow cytometry was performed on an ImageStreamX
(EMD Millipore) two camera system equipped with 405, 488,
642, and 785nm lasers. Cells were imaged using the 60 x
objective with the 785nm laser turned off. Laser powers were
set to optimize fluorescence detection with 405nm set to 20
mW, 288nm set to 20 mW, and the 642nm set to 50 mW.
Classifiers were set on brightfield to eliminate debris and on
fluorescence channels to eliminate saturated images. Focused
images of single cells were analyzed using the lobe count feature
on the morphology mask of the DAPI signal to compare nuclear
segmentation of CD16+ cells with either high or low expression
of CD62L.

Neutrophil Culture and S100 Alarmin

Release
To quantify release of S100 alarmin proteins, 1 x 10° isolated
purified neutrophils were incubated in RPMI and either left

untreated or stimulated with phorbol myristate acetate (PMA)
for 4h. Subsequently, culture supernatants were collected,
centrifuged to remove cells, and stored at —80°C. S100A8/A9
was determined using specific ELISA kit obtained from ALPCO
(Salem, NH), and serum S100A12 levels using specific ELISA kits
obtained from MBL (Woburn, MA).

Whole Transcriptome Analysis

Total RNA from purified neutrophils was extracted using the
MagMax —96 Total RNA Isolation Kit (Life Technologies), and
quantified via Qubit RNA HS Assay Kit (Life Technologies).
Using the SuperScript VILO cDNA Synthesis Kit (Life
Technologies), 10 ng of RNA was reverse transcribed to make
cDNA. The Ion AmpliSeq Library Kit Plus (Life Technologies)
and the Ion AmpliSeq Transcriptome Human Gene Expression
Core Panel was used to amplify target genes per manufacturer’s
directions. Each amplicon was then barcoded with the Ion
Express Barcode Adapter (Life Technologies), and purified
through Agencourt AMPure XP Beads (Beckman Coulter) and
freshly prepared 70% ethanol. Finally, libraries were analyzed
with High Sensitivity NGS Fragment Analysis Kit (AATI). All
libraries were peaked around 200 bp.

Before sequencing, the concentration of the library was
determined via Qubit dsDNA HS kit (Life Technologies) and
diluted with nuclease-free water to 100 pM. Using the Ion
540 Kit-OT2 along with the Ion OneTouch 2 Instrument, the
library was amplified on the Ion Spheres Particles (ISP) through
emulsion PCR. Then, template-positive ISPs was recovered, and
their quality was assessed through the Ion Sphere Quality Control
Kit and the Qubit 2.0 Fluorometer. The ISPs were then enriched
with Dynabead MyOne Streptavidin C1 Beads to select the
clonally amplified DNA. Sequencing primers were annealed to
the enriched ISPs and loaded on the Ion 540 Chip along with
the Ion S5 Sequencing Polymerase. The loaded chip was run on
the Ton S5 sequencer, and the amplicon regions were mapped
with hgl9_AmpliSeq_Transcriptome_ERCC_V1 reference from
Ion Community.

After reads were mapped they were converted into reads
per kilobase of transcript per million mapped reads (RPKM).
Differentially expressed genes (DEG) (fold change >2, p < 0.05)
were determined using AltAnalyze (31). This package was also
utilized to perform principle component analysis, hierarchical
clustering of DEGs, and pathway analysis for significantly
enriched gene ontology pathways and transcription factor
targets. The gene expression datasets for this study can be found
in Gene Expression Omnibus (GSE122552).

RESULTS

Mature CD16+1CD62L%™ Neutrophils in
Systemically Active SJIA

Circulating neutrophil counts are markedly elevated in patients
with active SJIA, and recent work has described a sepsis-like
phenotype during the early inflammatory phase at disease onset
(24). To further characterize functional neutrophil properties
throughout SJIA disease course, we utilized a two-step procedure
to obtain highly purified (>98%) and untouched cell populations
(Figure 1A). First, granulocytes were separated through density
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gradient centrifugation (30). Following this, a magnetic-bead
based negative selection step further purified the neutrophil
suspension. Of note, this procedure produced populations
with minimal (<1%) contamination with CD14+ monocytes,
the higher RNA content of which can alter interpretation
of transcriptional profiles (32), or from CD193+Siglec8+
eosinophils (data not shown).

Purified peripheral blood neutrophils were obtained from
a large cohort of patients with SJIA including various
states of disease activity including new-onset disease, active
disease (both systemic and/or arthritic features) and CID, as
well as both pediatric and adult healthy controls (Table 1).
While circulating mature neutrophils had generally been
considered to be a homogenous cell population, recent work
has identified functional neutrophil subsets emerging in states
of systemic inflammation (19). These include neutrophils
described as CD167CD62L4™, and capable of suppressing
T cell proliferation through integrins and ROS production
(17). We examined purified neutrophils from SJIA patients
with both active and inactive disease for presence of this
CD16"CD62LY™ subset. Approximately 10% of neutrophils
from children with SJIA and active systemic features were

CD16"CD62LY™, which was significantly higher than that
seen with control neutrophils (Figures 1B,C). Patients with
active SJIA also manifested lower neutrophil CD16 signal,
possibly reflecting either an increase in both immature banded
neutrophils (CD164™ CD62L*) and apoptotic neutrophils
(CD169™CD62L4™) and/or shedding of CD16 by sustained
neutrophil activation (33). In contrast, patients with either CID
or active SJIA with only arthritis and no systemic features did
not show increases in CD16TCD62L4im (Figures 1B,C). These
findings suggest that mature CD16TCD62LY™ neutrophils are
specific to the systemic inflammatory phase of SJIA.

CD167 CD62LY™ neutrophils have also been reported to have
a hypersegmented nuclear appearance, both when associated
with systemic LPS administration (19) and with Helicobacter
pylori infection (34). To quantify this process, we utilized
imaging cytometry to determine the number of nuclear lobes
present in CD16TCD62L1 and CD16"CD62LY™ neutrophils.
Using DAPI nuclear staining and spot counting, we could
discriminate subpopulations of neutrophils with bi-lobed nuclei
(Figure 2A) from those with hypersegmented nuclei (>4 nuclear
lobes; Figure 2B). Through this imaging cytometry approach,
we found that ~10% of neutrophils in all samples had >4
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TABLE 1 | Clinical and laboratory characteristics of patients enrolled for neutrophil
collection.

Active SJIA (n = 23) Inactive SJIA (n = 22)

Age, median 8 (6-14) 11 (6.75-16)

Sex 11F, 12M 13F, 9M

Ferritin (ng/mL) 559.5 (65.6-5379) 23.5 (17.25-33.5)
CRP (mg/dL) 5.04 (0.22-9.88) <0.29 (<0.29 to <0.29)
ESR (mm/hr) 59 (15-76) 5 (2-9)

IL-18 (pg/mL) 19852 (3632-111678) 956 (321-2697)

S100A8/A9 (ng/mL) 6869 (442.5-33116) 1615 (680-3431)

S100A12 (hg/mL) 220 (56-605.8) 76 (55-182)
Fever 34.8% (8/23) N/A
Arthritis 70.0% (16/23) N/A
Systemic features 34.8% (8/23) N/A
Elevated ESR/CRP 82.6% (19/293) N/A
New-onset SJIA 17.4% (4/23) N/A
MAS or subclinical MAS 21.7% (5/23) N/A

N/A
60.9% (14/23)
17.4% (4/293)

Time in CID, median
History of MAS
History of chronic lung disease

8 months (5.75-18.5)
31.8% (7/22)
4.5% (1/22)

IL-18 standard ranges 89-540 pg/mL. ST100A8/A9 standard ranges 716-3004ng/mL.
S100A12 standard ranges 32-385ng/mL.

nuclear lobes. However, in SJIA patients with systemically active
disease and features of early/subclinical MAS, substantially more
hypersegmented cells were visualized, particularly amongst the
CD16"CD62LY™ population compared to CD16TCD62L™ cells
(22.9% vs. 11.3%; Figures 2C,D). Together, this demonstrates
that systemically active SJIA patients have circulating, mature
CD1617CD62LY™ neutrophils.

Neutrophils From Both Active and Inactive
SJIA Have Enhanced S100A8/A9 Release
Capacity
S100 alarmin proteins, including S100A8/A9 (calprotectin) and
S100A12 (calgranulin C), are host derived proinflammatory
mediators that amplify innate immune responses by signaling
through pattern recognition receptors (PRR) including TLR4
(15). These proteins are believed to be produced primarily
by activated phagocytes, and present at very high levels in
systemic inflammation as seen in SJIA (23). First, we confirmed
that patients with active SJIA had significantly higher serum
levels of SI00A8/A9 and S100A12 than those with inactive
disease (Table 1). We also confirmed prior work that peripheral
neutrophil counts strongly and significantly correlate with serum
S100A8/A9 (R = 0.55, p < 0.001) and S100A12 (R = 0.64,
p < 0.001) levels (Figure3A). In contrast, there was no
significant correlation between the absolute lymphocyte count
and S100A8/A9 levels (R = —0.08 and 0.07, respectively).
Recent work has shown that in the autoinflammatory disease
familial Mediterranean fever (FMF), during active disease
peripheral neutrophils constitutively and spontaneously release
high levels of S100A12 (35). In order to quantify S100 protein
release, 1 x 10° highly purified neutrophils were placed in

tissue culture and incubated for 4h. After incubation, cell-
free supernatants were collected to determine S100A8/A9 and
S100A12 release. Interestingly, there was no significant difference
in levels of S100 alarmin proteins released by unstimulated
neutrophils during either active or inactive SJIA (Figure 3B).
We also determined the amount of S100 proteins that could
be released by neutrophils upon stimulating with PMA to
induce activation and degranulation. Compared to control
neutrophils, cells from patient with both active and inactive SJIA
released significantly more S100A8/A9 upon PMA stimulation
(Figure 3C). There was no significant difference in amount of
S100A12 released by neutrophils from either active or inactive
disease. Taken together, these findings suggest that even during
CID, neutrophils have increased capacity for SI00A8/A9 alarmin
release upon cell activation.

Proinflammatory Neutrophils Gene
Expression Signatures in Both Active and
Inactive SJIA

While previous work has described gene expression profiling
of neutrophils from small cohorts of children with active
SJIA (24, 36), little is known regarding these signatures in
longstanding and inactive disease. We utilized the Ampliseq
Transcriptome platform to determine gene expression profiles
from highly purified neutrophils. Ampliseq Transcriptome is
an amplicon-based gene expression system with near whole
transcriptome coverage (>20,000 coding genes) and high
correlation to microarray and RNA-sequencing (37). Gene
expression profiling was performed on 14 neutrophil samples:
(1) 4 from patients with systemically active SJIA but without
MAS features, (2) 5 from patients with CID on medication,
and (3) 5 healthy controls (Supplemental Table 1). Of note,
the included patients with CID had longstanding remission
on medication (6-48 months) but had persistently elevated
serum IL-18 levels at least twice upper limit of normal
(1163-8729 ng/ml). Principal component analysis showed clear
distinction between transcriptomes of active SJIA neutrophils
from control neutrophils, with inactive disease samples showing
intermediate changes as compared to neutrophils from controls
(Figure 4A). Using cut-offs of >2.0 fold change and p < 0.05, 139
genes were significantly upregulated and 75 genes significantly
downregulated in neutrophils from active SJIA compared
to controls. Hierarchical clustering based on these DEG
is shown in Figure4B; full list of DEG is shown in
Supplemental Table 2. These genes included cell surface and
PRR such as Fc-gamma receptor genes, CRI, TLR2, and
TLR5; cytosolic PRR including AIM2, NLRC4, and DDX58; and
IL18RAP.

To identify functional pathways of DEG in active SJIA
neutrophils, Gene Ontology (GO) analysis was performed using
AltAnalyze. The most significantly enriched GO pathways among
upregulated DEG are shown in Table 2. The top GO pathway
was Immune System Process (adjusted p = 3.44 x 107¢), with
other immune/inflammatory pathways also highly enriched. The
specific DEG contributing to this enriched pathway are shown
in Table 3. Among downregulated DEG, no GO pathways had

Frontiers in Immunology | www.frontiersin.org

59

December 2018 | Volume 9 | Article 2995


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Brown et al Neutrophils in Active and Inactive SJIA

A CD16 PE CD62L AF647 B
b
U

@,

o

c . D

[}

c

[

1]

o

o

w

T

Q

N

E CD62L High

2 20 40 80 d al

Gradient RMS © be)

o (=)
© 3)

2 —

£

14

8

3

Q.

2

e 15 2 Lobes: 0 1 2 3 4

Area

FIGURE 2 | Nuclear segmentation in neutrophils from active SJIA. Highly purified neutrophils were stained with PE-conjugated anti-CD16, APC- or AF647-conjugated
anti-CD62L, and DAPI nuclear stain before analyzing with the Imagestream imaging cytometer. (A,B) representative images of neutrophils scored as having 2 lobes
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neutrophils by number of identified nuclear lobes.

an adjusted p < 0.05; the most significantly enriched pathway  IFIHI, NFKBIA, and TLR2), none of which were found to be
was negative regulation of cellular metabolism (raw p = 0.005;  highly specific for type I interferon responses (42).

z-score 3.11). When examining upregulated DEG for enriched Interestingly, hierarchical clustering based on DEG from
transcription factor regulatory circuits, the most enriched circuit  active SJIA neutrophils also largely differentiated neutrophils
was immune response genes (Figure 4C). Specific transcription ~ from patients with CID from controls (Figure 4B). Indeed, 4/5
factor binding sites among upregulated genes included ISGF-3  inactive disease samples clustered together, with intermediate
(p = 0.006), STAT3 (p = 0.02), and Elf-1 (p = 0.04). Of note,  expression of upregulated DEG, while 4/5 control samples
ISGF-3 can be activated by type I interferon signaling (38, 39).  clustered separately with the lowest expression of this signature.
Multiple serum cytokine studies have failed to identify type I ~ To further investigate neutrophil gene expression changes in
or type II interferon signatures in the peripheral blood of SJIA  CID, we determined DEG between all SJIA patients (active and
patients with active disease (40, 41). Similarly, while we did  inactive disease) and controls. This revealed 97 significantly
find a significant enrichment in “regulation of type I interferon  upregulated genes and 81 downregulated genes (fold change
production” GO pathway (p = 0.003), this was driven by a ~ >2.0, p < 0.05; Supplemental Table 3). When this signature
small number of genes with pleotropic activation (DDX58, IFI16,  was used for hierarchical clustering, clear distinction was shown
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(bottom) in patients with SJIA. (B,C) S100 alarmin protein release from cultured neutrophils either at rest (B) or after PMA stimulation (C). Top panels represent
S100A8/A9, bottom panels ST00A12. Error bars represent mean + SEM. *p < 0.05, **P < 0.01.

between patients and controls (Figure 4D). Neutrophils from
SJIA patients clustered into two distinct groups; interestingly
however, each contained samples from patients with both
active and inactive disease. These DEG in all SJIA patient
samples included S100A8, further supporting increased S100
release capacity as described above. GO analysis of upregulated
DEG identified an overlapping network of pathways including
immune system process (p = 1.28 x 107!1), vesicle-mediated
transport (adjusted p = 8.23 x 10~%), protein complex (p=0.02),
and metabolic process (p = 0.04) (Figure 4E). Together, these
findings suggest that in SJIA, neutrophils demonstrate a marked
proinflammatory gene expression signature, and this can persist
despite longstanding and clinically effective biologic treatment.

Proinflammatory Neutrophil Gene
Expression Signature During Inactive
Disease With High and Normal Serum IL-18

The above findings are particularly intriguing given that the
CID patients, while in longstanding remission on medication,
had persistently elevated serum IL-18 levels. To examine this
further, we determined gene expression signatures from a
second cohort of patients with SJIA. RNA extracted from highly
enriched neutrophils from 10 patients with inactive SJIA was
sequenced using Ampliseq Transcriptome. These patients had
all been in longstanding remission (6-36 months); however,
only three patients had serum IL-18 levels greater than twice
normal (1188-4247 ng/ml; Supplemental Table 4). These gene
expression profiles were then utilized for unsupervised clustering

using the upregulated DEG signature found above in active
SJIA neutrophils. As shown in Figure 5, these samples showed
a broad range of expression levels of this gene set. However,
samples clustered into two primary groups, with 2/4 samples
in the highest expression group from “high IL-18” patients and
5/6 samples in the lowest expression group from “low IL-18”
patients. Samples also largely clustered based on time in CID,
with samples <12 months in CID showing higher expression of
this signature (Figure 5), possibly relating to the gradual decline
of serum IL-18 over many months of treatment reported in SJIA
(43). Together, these findings first confirms the persistence of
proinflammatory gene expression signatures in neutrophils from
patients with inactive SJIA, and second suggest an association
between signature persistence and elevated serum IL-18 levels.

DISCUSSION

Neutrophils serve as key innate immune effector cells in
systemic inflammation. In the early inflammatory phase of
SJIA, neutrophils are markedly expanded and activated with
a sepsis-like phenotype (24); however, cell properties in long-
standing and CID are less defined. Here, we examined neutrophil
subsets, S100 alarmin release, and gene expression profiles
from a large cohort of SJIA patients across disease states.
Taken together, this work has several important and novel
findings. First, we identified hypersegmented, CD16+CD62L4™
suppressor neutrophils only in SJIA patients with active systemic
disease, including features of MAS. Second, in contrast to FMF,
neutrophils from SJIA patients did not constitutively release high
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FIGURE 4 | Gene expression profiling of highly purified neutrophils from patients with SJIA. (A) Principle component analysis of differentially expressed genes (DEG)
between active SJIA and control neutrophils. (B) Hierarchical clustering of DEGs between active SJIA and control neutrophils (fold change >2.0, p < 0.05).

(C) Network analysis of immune response transcription factor cluster genes upregulated in active SJIA neutrophils. (D) Hierarchical clustering of DEGs between all SJIA
patients and control neutrophils (fold change >2.0, p < 0.05). (E) Network analysis of genes in significantly enriched GO pathways upregulated in all SJIA patients.

levels of S100 proteins. Third, neutrophils from patients with
both active and inactive SJIA had significantly increased capacity
to release SI00A8/A9 upon activation. Fourth, these neutrophils
had a marked proinflammatory gene expression signature that
is present in both active disease and longstanding CID on
medication. Finally, proinflammatory gene expression profiles
were associated with persistent serum IL-18 elevations. These
findings expand our understanding of neutrophil phenotypes in
SJIA, particularly during inactive disease.

The traditional view of neutrophils as short-lived cells with
little capacity for phenotypic or transcriptional diversity has
been challenged by the description of numerous functional
neutrophil subsets (17). Among these are CD16TCD62Ldim
cells which have been called “suppressor neutrophils” due to
their capacity to inhibit T cell responses (19). CD16+CD62L4m

neutrophils have recently been shown to have distinct proteomic
profiles, with an upregulation in pathways involved in adhesion
and activation, response to stimuli, and immune processes,
further supporting these cells representing a functional subset
in systemic inflammation (44). Recent work has reported
that ~10-20% of circulating neutrophils in active SJIA are
CD167CD62LY™ (24), similar to that observed here. We
have confirmed and extended those observations to note that
this population was only increased in patients with active
systemic features (fever, rash, liver enlargement), and not
in children who had only active arthritis. CD16"CD62L4™
neutrophils seen after experimental LPS challenge in human
volunteers (19) or after infection by H. pylori (34) are
reported to exhibit nuclear hypersegmentation. Here, we utilized
imaging cytometry to quantify nuclear segmentation, and
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TABLE 2 | Gene ontology pathways of upregulated genes in neutrophils from children with active SJIA.

Gene ontology pathway Number changed Number measured Z score Fisher exact test P Adjusted P
Immune system process (GO:0002376) 51 2091 10.88 3.78E-18 3.44E-16
Defense response (GO:0006952) 39 1284 11.13 8.98E-17 7.06E-13
Response to wounding (GO:0009611) 24 577 10.76 2.64E-13 1.04E-09
IgG binding (GO:0019864) 5 11 18.66 4.43E-09 5.80E-06
Response to other organism (GO:0051707) 16 460 7.73 4.21E-08 3.15E-05
Cell activation (GO:0001775) 18 594 7.42 4.62E-08 3.23E-05
Negative regulation of apoptosis (GO:0043066) 17 665 6.31 1.21E-06 0.000613
Response to lipopolysaccharide (GO:0032496) 10 229 712 2.22E-06 0.000965
External side of plasma membrane (GO:0009897) 9 196 6.98 4.84E-06 0.001901
Positive regulation of sequence-specific DNA 9 199 6.91 5.47E-06 0.002048

binding transcription factor activity (GO:0051091)

found that in patients with systemically active disease, more
CD16TCD62Ldim neutrophils had >4 visualized lobes than
CD167CD62L* cells, particularly in patients with features of
MAS. This is unsurprising, given the emerging view of both
severe sepsis and MAS as “cytokine storm syndromes” with
similar immune dysregulation (45). The significance of nuclear
hypersegmentation, and of CD16"CD62LY™ neutrophils more
broadly in early inflammatory SJIA, remains to be determined.
Of note, there is no direct evidence regarding the functional
roles of neutrophils in SJIA pathogenesis, including whether
CD16TCD62LY™ neutrophils have suppressive properties in
vivo.

Phagocytes including neutrophils are key sources for S100
alarmin production during inflammation (15). SI00A8/A9 and
S100A12 levels are markedly elevated in active SJIA, and may
serve as useful biomarkers to distinguish SJIA from other
disorders (46-49). These levels also strongly correlate with
circulating neutrophil counts in SJIA (24). Recently, Gohar et al.
reported that in the monogenic autoinflammatory disorder FMF,
unstimulated neutrophils from patients with MEFV mutations
spontaneously secreted SI00A12 (35). In contrast, we report
here that neutrophils from children with active or inactive
SJIA do not show spontaneous S100A8/A9 or SI00A12 release.
This likely relates to the multifactorial nature of SJIA vs. the
specific role of pyrin dysfunction in FMF. In contrast, we
found that when activated by PMA, neutrophils from SJIA
patients secreted significantly more S100A8/A9, regardless of
disease activity. It is unknown why S100A8/A9 release was
comparable between neutrophils from patients with active and
inactive disease despite transcriptional profiles suggesting an
intermediate phenotype, but this suggests the need for further
linkage between gene expression and functional/protein data.
The clinical implications of enhanced S100A8/A9 release capacity
are unclear; however, it suggests that there are persistent changes
in neutrophil phenotypes even in longstanding CID. In support
of this, ter Haar et al. reported extensive ex vivo analysis
of neutrophils from patients with active SJIA, demonstrating
increased surface expression of degranulation markers and a
primed phenotype for response to N-formyl peptides (24).
While most of these changes reverted in neutrophils from

patients with inactive disease, some, such as surface CD35
expression, had an intermediate phenotype reflecting increased
degranulation.

Although neutrophils have been historically considered
to have limited capacity for gene expression, recent findings
instead suggest that they can undergo functional transcriptional
alterations including epigenetic modifications (50). Complicating
this analysis is that neutrophils generally contain 10-20 fold
less mRNA than PBMC (32), and thus even in 95% pure
cell populations other cell types may be large contributors
to the gene expression signature. Here, we utilized a two-
step purification to collect an “untouched” >98% pure
neutrophil populations, with <1% contamination from
blood monocytes or eosinophils (Figure 1A). Detection
of IL6 mRNA, typically absent from neutrophils, has
also been suggested as a marker for cell contamination
(32); in all samples we detected <1 copy IL6 per million
reads.

Compared to control neutrophils, cells from children with
active SJIA displayed a proinflammatory gene expression
signature, including upregulation in PRR, inflammasome
components, and the IL-18 receptor component ILISRAP.
Although this sequencing was performed on highly purified
but unsorted neutrophils, these changes are likely not solely
due to the presence of CD167CD62LY™ neutrophils in active
disease. Gene expression studies on sorted CD16TCD62L4™
neutrophils during human experimental sepsis found the
most upregulated genes compared to CD16TCD62LT cells
were in signal transduction and regulation of apoptosis
pathways (18), which were not highly represented in the
present study. In addition, we found that the proinflammatory
signature identified here was also present in neutrophils
from children with longstanding clinically-inactive SJIA. This
neutrophil gene expression signature was broadly similar
to that found in sorted neutrophils from patients with
early inflammatory SJIA (24), although that study did not
examine cells from patients with CID. Another small study
examining gene expression in neutrophils from SJIA patients
related to tocilizumab treatment found primarily changes
related to mitochondrial and oxidative stress genes (36).
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TABLE 3 | Immune System Process Gene Ontology pathway significantly upregulated genes in neutrophils from active SJIA.

Gene symbol Description Active vs. control Active vs. control
(log-fold change) (P-value)
NLRC4 NLR family, CARD domain containing 4 1.422914671 0.019850074
PLSCR1 Phospholipid scramblase 1 1.836792175 0.004685105
CRA1 Complement component (3b/4b) receptor 1 1.465308433 0.036471508
CLEC5A C-type lectin domain family 5, member A 1.306982102 0.008155234
POU2F2 POU class 2 homeobox 2 2.273993247 0.001974801
FCAR Fc fragment of IgA, receptor for 1.039351747 0.042448537
THBS1 Thrombospondin 1 1.730758578 0.031004871
CLECA4E C-type lectin domain family 4, member E 1.196901191 0.026681298
BATF Basic leucine zipper transcription factor, ATF-like 2.098660806 0.001496821
TLR2 Toll-like receptor 2 1.310788972 0.047550579
SERPINB9 Serpin peptidase inhibitor, clade b (ovalbumin), member 9 2.279513514 0.014669102
CYBB Cytochrome b-245, beta polypeptide 1.251099322 0.026243187
FCGR1B Fc fragment of IgG, high affinity Ib, receptor (CD64) 1.364191125 0.010664911
CTSH cathepsin H 1.471367492 0.036661403
PDE1B Phosphodiesterase 1B, calmodulin-dependent 1.059161606 0.018171438
CX3CR1 Chemokine (C-X3-C motif) receptor 1 1.137782624 0.007845546
FCGR1A Fc fragment of IgG, high affinity la, receptor (CD64) 2.18776973 0.019294383
SLAMF7 SLAM family member 7 2.336817458 0.013387457
IFIH1 Interferon induced with helicase C domain 1 1.373101981 0.040081759
MEF2A Myocyte enhancer factor 2A 1.328120472 0.019727678
LGALS8 Lectin, galactoside-binding, soluble, 8 1.043496856 0.043430423
CD274 CD274 molecule 3.231874521 0.000717605
ANXA1 Annexin A1 1.314782826 0.006487109
GBP3 Guanylate binding protein 3 1.634893254 0.038159331
VNN1 Vanin 1 2.111799896 0.006807828
DDX58 DEAD (Asp-Glu-Ala-Asp) box polypeptide 58 1.159652732 0.015990704
NBN Nibrin 1.760176462 0.041724081
NFKBIA Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1.293830277 0.006803898
inhibitor, alpha
AlM2 Absent in melanoma 2 2.083271913 0.003477437
FCAR Fc fragment of IgA, receptor for 1.039351747 0.042448537
IFI16 Interferon, gamma-inducible protein 16 1.291412088 0.001107247
FCGR2A Fc fragment of IgG, low affinity lla, receptor (CD32) 1.156808218 0.021307235
TANK TRAF family member-associated NFKB activator 2.495474762 0.030111499
CLEC5A C-type lectin domain family 5, member A 1.306982102 0.008155234
FCER1G Fc fragment of IgE, high affinity I, receptor for; gamma polypeptide 1.452965375 0.046330661
CLEC4D C-type lectin domain family 4, member D 1.755561907 0.005050456
TNFAIP3 Tumor necrosis factor, alpha-induced protein 3 2.137983366 0.003672704
FCAR Fc fragment of IgA, receptor for 1.039351747 0.042448537
CYBB Cytochrome b-245, beta polypeptide 1.251099322 0.026243187
LNPEP leucyl/cystinyl aminopeptidase 1.326215551 0.02050466
FCAR Fc fragment of IgA, receptor for 1.039351747 0.042448537
Cb Complement component 5 1.180276747 0.019419926
EDN1 Endothelin 1 1.357923043 0.021389531
TLR5 Toll-like receptor 5 2.129276632 0.014710728
IL18RAP Interleukin 18 receptor accessory protein 1.737091117 0.006320721
CD48 CD48 molecule 2.1469991 0.000478521
DUSP3 Dual specificity phosphatase 3 1.084227595 0.040091537
SELP Selectin P (granule membrane protein 140kDa, antigen CD62) 1.175328323 0.040344487
ANXA3 Annexin A3 1.5626571135 0.001808271
(Continued)
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TABLE 3 | Continued

Gene symbol Description Active vs. control Active vs. control
(log-fold change) (P-value)
TRIM22 Tripartite motif containing 22 1.324747508 0.005971802
FCGR1A Fc fragment of IgG, high affinity la, receptor (CD64) 2.18776973 0.019294383
SMAD3 SMAD family member 3 1.765847458 0.015380056
FCGR1B Fc fragment of IgG, high affinity Ib, receptor (CD64) 1.364191125 0.010664911
IRAK2 Interleukin-1 receptor-associated kinase 2 1.185197716 0.035499696

Serum IL-18:
Months in CID:

4,247 1,695 379
6 1 12

<31
6

more than twice upper limit of normal.

FIGURE 5 | Proinflammatory gene expression signature in neutrophils from patients with CID. Unsupervised clustering performed using 139 upregulated DEGs
identified as upregulated in neutrophils from active SJIA patients. Serum IL-18 levels at time of sample collection indicated on bottom. Numbers in red indicate values
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Interestingly this study did not find substantive changes
in proinflammatory pathways pre- and post-treatment,
supporting our findings of persistence of gene expression
changes despite clinically effective treatment. Further work
utilizing single-cell approaches for both gene expression and
protein marker expression are needed to confirm and extend this
work.

The changes in neutrophil gene expression profile reported
here are particularly interesting in comparison to those
reported in other inflammatory arthropathies affecting adults
and children. Extensive work by Jarvis et al. has defined a
proinflammatory phenotype of neutrophils from non-systemic,
rheumatoid factor-negative polyarticular JIA (51-54). In this
disorder however, neutrophils demonstrated upregulated gene

clusters linked to IL-8 and IFNYy, which were not highly
represented in the present study. Indeed, only 4/42 most highly
upregulated genes in neutrophils from polyarticular JIA were
identified in our patients with SJIA (54). On the other hand,
Jarvis et al. did find that neutrophil alternations in polyarticular
JIA persisted in disease remission, supporting a model of
long-term cell alterations in JIA (53). Gene expression studies
of neutrophils in adults with rheumatoid arthritis similarly
identified IFN signaling as the most differentially regulated
pathway, distinguishing patients with improved response to
treatment (55). Findings in this variety of disorders also highlight
the capacity of neutrophils for highly specific transcriptional
responses in the setting of distinct pathological settings
(51, 52).
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Together, we report both functional and gene expression
evidence of neutrophil alterations in SJIA patients with
longstanding CID. This is in agreement with our previous
data on monocytes, which found persistent epigenetic
changes in children with inactive disease (25). Of note,
more than half of patients with CID in the present cohort
continued to have elevated serum IL-18 levels. There is
significant evidence that IL-18 has pleotropic effects on
neutrophil activation, including cytokine gene expression
and release, degranulation, and priming of the oxidative
burst (56-58). Indeed, we demonstrated that persistently
high IL-18 levels were associated with proinflammatory
neutrophil gene expression signatures in patients with CID.
IL-18 is also reported to trigger further autocrine expression
and secretion of this cytokine by neutrophils, potentially
implicating neutrophils in a feed-forward process to perpetuate
IL-18 production. As such, further studies are needed to
define the role of neutrophil subpopulation activation in
both early inflammatory SJIA and in persistence of chronic
disease.
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Autoantibody production occurs in juvenile idiopathic arthritis (JIA) and numerous other
autoimmune diseases. In some conditions, the autoantibodies are clearly pathogenic,
whereas in others the roles are less defined. Here we review various autoantibodies
associated with JIA, with a particular focus on antinuclear antibodies and antibodies
recognizing citrullinated self-antigens. We explore potential mechanisms that lead to the
development of autoantibodies and the use of autoantibody testing in diagnosis and
prognosis. Finally, we compare and contrast JIA-associated autoantibodies with those
found in adults with rheumatoid arthritis (RA).

Keywords: autoantibodies, juvenile idiopathic arthritis, antinuclear antibodies, rheumatoid factor, citrullinated
self-antigens, anti-citrullinated protein antibodies, carbamylated self-antigens, anti-carbamylated protein
antibodies

INTRODUCTION

Juvenile idiopathic arthritis (JIA) is a chronic inflammatory disease affecting hundreds of thousands
of children worldwide (1). Advances in our understanding of the pathogenesis of JIA over the last
two decades have revolutionized therapy, reduced morbidity, and improved quality of life for those
affected.

Although often referred to as a single entity, JIA represents a heterogeneous group of
inflammatory arthropathies. By definition, JIA is arthritis that begins in a child under the age
of 16 years, lasts at least 6 weeks, and is not attributable to any other cause (e.g., Lyme disease,
septic arthritis, or “reactive” forms of arthritis). The International League of Associations for
Rheumatology (ILAR) has defined seven subtypes of JIA, which are summarized in Table1 (2).
While there are shared genetic and immunologic features between JIA and rheumatoid arthritis
(RA) in adults, only a small subset of JIA patients with polyarticular disease and a positive
rheumatoid factor (RF) clinically resemble adult RA patients (3, 4).

As we explore in further detail below, although the subtypes of JIA likely differ in
their specific pathophysiologic mechanisms, most forms of JIA appear to be rooted in the
breakdown of immunologic self-tolerance. Some of the earliest and strongest genetic associations
recognized involve the major histocompatibility complex (MHC) class II alleles (4-6), suggesting
a critical role for CD4+ T helper (Th) cells. Synovial fluid from inflamed joints in children
with oligoarticular, polyarticular, and systemic JIA (sJIA) show an abnormal ratio of Th17
to regulatory T cell subsets, and Th17 cell numbers correlate with arthritis severity (7).
Systemic JIA is a distinct subtype driven largely by defects in innate immune mechanisms (8).

Abbreviations: JIA, juvenile idiopathic arthritis; ANA, antinuclear antibody; RE, rheumatoid factor; ACPA, anti-citrullinated
protein antibody; SLE, systemic lupus erythematosus; RA, rheumatoid arthritis; MHC, major histocompatibility complex;
NETs, neutrophil extracellular traps.
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TABLE 1 | Second revision of the ILAR classification of juvenile idiopathic arthritis
(2001).

Oligoarticular JIA Involvement of 1-4 joints in the first 6 months
of disease, further defined by the addition of
additional involved joints over time (persistent

vs. extended)

Polyarticular JIA, RF-negative Involvement of 5 or more joints in the first 6
months, further defined by absence of

rheumatoid factor

Polyarticular JIA, RF-positive Involvement of 5 or more joints in the first 6
months, further defined by presence of

rheumatoid factor

Enthesitis-related JIA Defined by the presence of arthritis and
enthesitis (inflammation of ligamentous and
tendinous insertions). Associated with
sacroiliitis leading to frequent low-back pain,
HLA-B27 positivity, arthritis associated with
inflammatory bowel syndrome, and “reactive”

forms of arthritis

Psoriatic JIA Arthritis and psoriasis. Associated with
dactylitis, nail changes, and a family history of

psoriasis.

Systemic JIA (sJIA) Arthritis associated with fevers, rash,
lymphadenopathy, hepatomegaly,
splenomegaly, and/or serositis. Thought to be a
systemic auto-inflammatory disease with a
distinct pathophysiology as compared to other

forms of JIA (10).

Chronic idiopathic arthritis which does not fit
with one category, or which fits with more than
one category above (15-20% of patients)

Undifferentiated JIA

Interestingly, however, recent work from Ombrello and
colleagues highlights the numerous genetic differences between
sJIA and the other forms of JIA, yet still identifies the strongest
genetic linkage of sJIA as the MHC class IT allele DRBI*11 (9, 10).
These findings support the notion that autoreactive CD4+ T
cells are key contributors to the pathogenesis of each of the JIA
subtypes.

One way CD4+ T cells contribute to JIA pathogenesis is
by providing help to autoreactive B cells. In general, linked
T- and B- cell recognition of self-antigens allows CD4+ T
cells to promote affinity maturation of B cell clones. Analysis
of JIA synovial fluid reveals changes consistent with B cell
activation, including alterations in the immunoglobulin light
chain repertoire suggestive of secondary V(D)J-recombination,
and increased numbers of class-switched memory B cells and
plasmablasts secreting IgG within the synovial fluid of affected
joints (11-13).

Although autoreactive B cells also have other important
pathogenic functions in JIA, such as functioning as antigen
presenting cells within the synovium (14), this review focuses
on autoantibody production as a consequence of autoreactive B
cell activation. Various autoantibodies have been associated with
JIA, including anti-nuclear antibodies (ANA), rheumatoid factor
(RF), anti-citrullinated protein antibodies (ACPA), and others. In
the following sections, we explore the role of autoantibodies in
the pathogenesis, diagnosis, prognosis, and response to therapy
in JTA.

ANTINUCLEAR ANTIBODIES (ANA):
OVERVIEW AND USE IN DIAGNOSIS

The discovery of substances in sera of patients with
autoimmunity that can bind to nuclear elements of healthy
cells dates back over six decades (15-17). Ultimately these serum
factors were shown to be IgG antibodies recognizing nuclear
antigens and named antinuclear antibodies (ANA). Modern
clinical laboratories detect ANA via an immunofluorescence
based assay (FANA, or fluorescent antinuclear antibody test)
or an enzyme-linked immunosorbent assay (ELISA). It is now
known that several key autoantigens are identified by ANA,
including nucleic acids, nucleosomes, phospholipids, and several
nuclear and nucleolar proteins (18, 19). These autoantigens
are theorized to normally be “hidden” but are exposed to
antigen presenting cells during cell death, particularly during
apoptosis—a process which has been shown to be abnormal in
patients with SLE (20).

The ANA is a highly sensitive test (>95%) for SLE in both
adults and children, but it is also commonly misunderstood
by clinicians as a general test for autoimmune or rheumatic
disease (21-24). Other diseases strongly associated with a
positive ANA include mixed connective tissue disorder, juvenile
dermatomyositis, Sjogren’s syndrome, scleroderma, autoimmune
hepatitis, primary biliary cirrhosis, ulcerative colitis, and
autoimmune thyroiditis (25-31).

The ANA test is not used to diagnose JIA. However, it has
important prognostic value with respect to the risk of uveitis
(explored further below). The overall seroprevalence of a positive
ANA among all subtypes of JIA combined is <50% (32). Simply
stated, although a positive ANA is more common in children
with JIA than among healthy children, the presence or absence of
ANA does not change the likelihood that a given patient will have
or will develop JIA. Furthermore, false positivity and transient
positivity of the ANA (e.g., secondary to infections) are common
occurrences (33).

ANA positivity amongst the JIA subtypes is highest in
patients with oligoarticular JIA (up to 70%) and is particularly
more prevalent in young, female patients (34). Similarly,
among patients with psoriatic JIA, ANA positivity is associated
with early-onset disease and female predominance (35). ANA
positivity is less common in patients with undifferentiated JIA
and systemic JIA (32), although a recent study showed patients
with systemic JIA have rising ANA and rheumatoid factor titers
over time (36).

ANA AND JIA PROGNOSIS

There is mixed evidence in the literature about a potential
association between ANA status and arthritis prognosis in
patients with JIA. In perhaps the largest study to date addressing
this question, there were no significant differences found relating
to ANA positivity in Danish children with JIA and the number of
active joints at follow-up, remission rate on medication for more
than 6 months, or remission rate off medication for more than
12 months. However, patients with RE, HLA-B27, and/or uveitis
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(either past or present) tended to have lower rates of remission
at follow-up, irrespective of ANA status (32). A separate study
found that ANA status did not predict risk of relapse when
withdrawing tumor necrosis factor inhibitors from patients in
disease remission (37).

Another group used a microarray approach to test sera
of patients with oligoarticular JIA for reactivity to over 100
autoantigens. A heat map analysis of these arrays was used to
perform a cluster analysis and identified two primary groups of
patients. Children in cluster 1 were more likely to have high titers
of autoantibodies recognizing nuclear antigens such as histone
and chromatin, while those in cluster 2 were more likely to have
low levels of these autoantibodies, similar to healthy controls.
ANA status was not significantly different between these clusters
of patients; however, children in cluster 1 were more likely to have
active arthritis at follow-up at 5 months (90 vs. 36%; p < 0.024)
despite there being no significant differences in their treatment
regimens (38). This study suggests that autoantibodies directed
against more specific autoantigens may be better biomarkers than
the ANA with respect to JIA prognosis.

Although the standard ANA test is not particularly helpful
in predicting arthritis outcomes in JIA, its prognostic utility for
the risk of developing JIA-associated uveitis is clear. Specifically,
patients with oligo- or poly-articular JIA with ANA positivity
tend to develop disease at a younger age, have asymmetric
patterns of arthritis, and are at an increased risk of developing
chronic anterior uveitis (39, 40). This form of uveitis is typically
asymptomatic. If undetected and untreated, it can result in
permanent vision loss. It is therefore recommended that all
patients with certain subtypes of JIA and a positive ANA have
more frequent screening eye exams (41). Of note, while a positive
ANA indicates increased risk of uveitis, it does not seem to be
helpful in predicting the timing or severity of this comorbidity
(26).

RHEUMATOID FACTOR (RF): OVERVIEW
AND ROLE IN DIAGNOSIS

Nearly 80 years ago, Eric Waller discovered a serum factor
capable of agglutinating of sheep red blood cells, which others
subsequently found to be more common among patients with RA
(42, 43). This factor is now known as rheumatoid factor (RF) and
refers to a group of antibodies of various classes whose antigen
binding sites are specific to the Fc portion of IgG molecules. Not
surprisingly, RF has a notable capacity to induce false positivity
in laboratory assays such as those designed to detect antibody
responses to vaccines or infectious pathogens or autoantibodies
such as those seen in antiphospholipid syndrome (44).

RF is most commonly associated with RA in adults and is
one of the two serologic tests (along with ACPA, discussed
below) included in the current classification criteria for RA (45).
A recent meta-analysis of adult RA showed pooled values of
sensitivity and specificity of 69% (CI, 65-73%) and 85% (CI,
82-88%), respectively (46). RF can also be positive in other
autoimmune disorders such as acute rheumatic fever, SLE, and
Sjogren’s syndrome. It can be seen non-specifically positive in

infections such as tuberculosis and Lyme disease, as well as in
otherwise healthy individuals (44, 47, 48).

RF was discovered in some patients with juvenile arthritis
long ago (49). Although the overall seroprevalance of RF in
patients with JIA is very low (<5%), it confers a worse prognosis
(50). In particular, patients with RF+ polyarticular JIA are at
higher risk of a more aggressive disease course and bone erosion
than JIA patients without RF (51-54). RF+ polyarticular JTA
has long been recognized to represent the true pediatric version
of RA, and genetic analyses confirm this (4, 55). Consensus
treatment plans developed by the Childhood Arthritis and
Rheumatology Research Association (CARRA) recognize RF
(and ACPA, discussed below) as poor prognostic risk factors
among patients with polyarticular JIA, leading most pediatric
rheumatologists to use more aggressive, early therapy (e.g., TNF
inhibitors) for these patients than for patients without RF (56).

Interestingly, RFs play physiologic roles in the normal
immune system. RF of the IgM isotype (IgM-RF), for example,
promotes phagocytosis and the removal of antigen-antibody
complexes in the course of infection, fixation of complement,
and enhancing B cell antigen uptake and presentation to CD4™
T cells (57). However, these naturally-occurring IgM-RFs are of
low affinity and polyreactive, whereas pathogenic IgM-RFs tend
to have undergone affinity maturation (58). Although IgM-, IgG-,
and IgA-RFs are often elevated in RA, with IgM-RF being the
most common, the isotype-switched IgG and IgA classes are
felt to be more causally linked to immunopathology and bone
erosion (47, 59). The mechanisms that go awry resulting in the
production of RF are not entirely understood, but appear to
depend on immune-complex recognition by B cell receptors in
the context of toll-like receptor stimulation, as well as T cell help
(60, 61). Additional roles for RF in arthritis pathogenesis are
explored further below.

ANTI-CITRULLINATED PROTEIN
ANTIBODIES (ACPA): EVIDENCE OF A
BREACH IN SELF-TOLERANCE

In 1964, work by Nienhuis and Mandema led to the
discovery of another class of autoantibodies that recognize
post-translationally modified autoantigens, now called anti-
citrullinated protein antibodies or ACPA (tested clinically as anti-
cyclic citrullinated peptide or anti-CCP). Nienhuis and Mandema
studied sera from patients with SLE, RA, and ankylosing
spondylitis and found a factor more commonly present in RA
patients that stained the cytoplasm surrounding the nucleus “like
the rings of Saturn.” They called this “the antiperinuclear factor”
(62). Subsequent work showed that anti-keratin antibodies
stained with a similar pattern as the antiperinuclear factors
derived from patients with RA (63, 64). We now know that a
variety of self-proteins including collagen, fibrinogen, vimentin,
filaggrin, alpha-enolase, and others are bound by these antibodies
(51, 65-73).

Citrullination is a form of post-translational modification
in which arginine residues are changed to citrulline. This
modification is mediated by a class of enzymes called
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peptidylarginine deiminases, or PADs. Several isoforms of
PADs exist, and PAD2 and PAD4 have been specifically
implicated in inflammatory states. Expression of these enzymes,
primarily derived from neutrophils, is increased in the synovial
fluid of both mice and humans with inflammatory arthritis
(74, 75).

PAD enzymes are required for the formation of neutrophil
extracellular traps (NETs), a phenomenon in which neutrophils
project DNA and histones into the extracellular environment
to aid in phagocytosis. PAD4-activity is required for
hypercitrullination of histones, which causes heterochromatin
decondensation and the unfolding of chromatin, forming NETs
(76). This natural innate immune mechanism sets the stage for
modification of self-antigens in the context of inflammatory
states and can lead to breakdown of immune self-tolerance (77).

Normally, thymocytes bearing T cell receptors with high
affinity for self-antigens are either clonally deleted or are diverted
into the regulatory T cell lineage, reducing the likelihood of
autoimmunity—also known as central tolerance (78). However,
citrullination of peptides generates neo-epitopes—peptides not
present during thymic selection and therefore incapable of
inducing central tolerance. Thymocytes specific for these
citrullinated neo-epitopes can therefore escape central tolerance
and go on to help drive autoantibody production (Figure 1).

Naive T cells specific for citrullinated autoantigens have the
potential to become activated, leading to pathogenic helper
T cell responses including those that drive autoantibody
formation. Indeed, sophisticated approaches using class II
MHC tetramers loaded with citrullinated self-peptides have
shown that self-reactive T cells recognizing citrullinated self-
antigens exist more commonly among patients with adult RA.
Relative to healthy control subjects, RA subjects have similar
frequencies of influenza-specific CD4+ T cells, but have ~5-
fold increased frequencies of T cells specific for a panel of
citrullinated self-peptides (derived from vimentin, fibrinogen,
enolase, and cartilage intermediate-layer protein). These cells are
predominately Thl effector-memory cells expressing CD45RO
and CXCR3. Treatment of RA patients with biologic therapies
(TNF inhibitors, abatacept, or rituximab) restores the numbers
of these cells to levels seen in healthy controls, whereas therapy
with conventional disease modifying anti-rheumatic drugs such
as methotrexate, hydroxychloroquine, or leflunamide) does not
(79).

To our knowledge, additional approaches to characterize
other effector and regulatory populations of citrullinated self-
antigen-specific T cells have not yet been undertaken in either
RA or JIA. For example, although the total numbers of follicular
T helper cells (Tth cells) are increased in the peripheral
blood and synovial fluid of RA patients (80), their antigenic
specificity is not known. Tth cells drive germinal center B cell
affinity maturation and are hypothesized to play a key role
in autoantibody generation. One would predict that since the
numbers of Tfh cells correlates with ACPA titer in RA patients
(81), at least a fraction of these cells should be specific for
citrullinated self-antigens. Moreover, a population of regulatory
T cells co-expressing both FOXP3 and IL-17 has been observed
to accumulate at the sites of inflamed joints in RA patients (82).

Native
" D@rron
8.4
\ Citrullinated
PMN
Native peptide Citrullinated peptide
Low affinity for MHC I High affinity for MHC Il
No T cell activation Neo-epitope for T cells
No AutoAb production

L

Linked recognition

@Re

¥

FIGURE 1 | Schematic illustrating the generation of ACPA. Neutrophils are a
source of PADI4 enzyme, which leads to citrullination of self-peptides.
Citrullinated self-peptides may have altered MHC class Il binding affinity, which
may result in more efficient presentation to T cells. These modified peptides
are neo-epitopes, and T cells specific for these modified peptides may not
have been deleted during negative selection in the thymus. Linked recognition
of a citrullinated self-antigen and a corresponding citrullinated self-peptide by
B and T cells, respectively, stimulates affinity maturation and production of high
affinity ACPA.

ACPA production

Future studies should focus on defining the antigen specificity
of these Tth and Treg cells, focusing on citrullinated self-
antigens.

ACPA: USE IN DIAGNOSIS AND
PROGNOSIS OF JIA

Children with RF4 polyarticular JIA also commonly have
positive ACPA tests (83, 84). This is particularly true amongst
patients with the HLA-DRBI*0401 (DR4) and HLA-DRBI*0101
(DR1) haplotypes. As earlier studies have pointed to marked
similarity between these patients and adult RA patients, it
is not surprising that there is a high frequency of ACPA
in adult RA patients that express the same MHC class II
molecules (85-87). ACPA are highly specific for adult RA, and
have been shown to predict future risk for developing RA in
otherwise healthy individuals (88). As with RE the sensitivity
of ACPA for detecting JIA is very low, but in patients with
RF+ polyarticular JIA, these autoantibodies are highly specific
(68, 84, 89-95).
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The presence of ACPA in polyarticular RF+ JIA has been
shown by numerous studies to confer a greater risk of more
aggressive and erosive disease (51, 84, 85, 90, 93, 95-99). This is
mirrored in patients with ACPA-positive adult RA, who also have
a more severe disease course (98, 100, 101). As with RE, ACPA
positivity among children with polyarticular JIA typically leads
pediatric rheumatologists to recommend earlier, more aggressive
therapy (56).

RF, ACPA, AND CIRCULATING IMMUNE
COMPLEXES: POTENTIAL ROLES IN THE
PATHOGENESIS OF INFLAMMATORY
ARTHRITIS

Whether or not ACPA have a direct role in the pathogenesis
of inflammatory arthritis is unclear. ACPA- and fibrinogen-
containing immune complexes have been shown in vitro to
induce macrophage TNF production via binding to Fc-gamma
receptor ITa (102, 103). ACPA have also been shown in vitro
to activate complement and elicit macrophage activation by
crosslinking TLR4 and Fc gamma receptors, and in vivo, to
enhance tissue injury in murine models of inflammatory arthritis.
Importantly, RF and ACPA may synergize to augment some of
these functions (104-107).

Circulating immune complexes are elevated in RA and
JIA. Immune complexes containing RF, complement factors
Clq, C4, C3, C4, and components of the membrane attack
complex (MAC) are detectable in synovial fluid of patients with
polyarticular RF4 JIA (108). Binding of MAC to circulating
immune complexes correlates with erythrocyte sedimentation
rate, suggesting that in JIA, complement-mediated tissue damage
is induced by the classical complement activation pathway (109).

Given the strong association between RF and ACPA positivity
in RA patients, questions about a shared role in pathogenesis
are being investigated. A large study of US veterans with
RA demonstrated that patients with doubly positive ACPA
and RF have higher clinical disease activity scores, serum
CRP, and levels of TNF-alpha, IL-1 beta, IL-6, IL-12, and IL-
17A. The same authors also performed additional in vitro
experiments using peripheral blood mononuclear cells from
healthy controls incubated with IgG-ACPA containing immune
complexes derived from RA patients, and found that the addition
of IgM-RF significantly increased TNEF-alpha production in
monocytes (110). Recently, immune complexes containing both
IgG-ACPA and IgM-RF have also been identified in RA patients
(111).

Interestingly, anti-PAD4 autoantibodies that increase PAD4
catalytic activity have been discovered in a subset of adult RA
patients with particularly erosive disease (112). This indicates a
possible feed-forward loop in driving additional self-reactivity
against citrullinated autoantigens, and identifies a possible
pathogenic role for anti-PAD4 autoantibodies.

Unfortunately, because there are far fewer children with JIA
than adults with RA, much of our knowledge about the role of
RE, ACPA, and other autoantibodies in inflammatory arthritis is
derived from the adult literature. This is clearly a limitation, since

these studies only pertain to a small subset of JIA patients overall,
specifically children with RF+ polyarticular JIA.

AUTOANTIBODIES RECOGNIZING OTHER
MODIFIED ANTIGENS

Another class of autoantibodies that have recently garnered
attention are those that recognize carbamylated self-proteins.
Like citrullination, carbamylation is another post-translational
modification; in the case of carbamylation, lysine and taurine
residues are replaced by isocyanic acid. The phagocyte peroxidase
enzymes, myeloperoxidase, and eosinophil peroxidase oxidize
thiocyanate, forming two compounds that can result in
protein carbamylation: cyanate and hypothiocyanous acid
(or HOSCN) (113, 114). Like PAD4, myeloperoxidase is also
found in NETs and thus may be involved in promoting
carbamylation of self-antigens at sites of neutrophilic
inflammation (115).

Interestingly, smoking may be linked to carbamylation.
Cigarette smoke contains cyanide, which can be oxidized by
myeloperoxidase into cyanate. Cyanate can subsequently
participate in non-enzymatic reactions that result in
carbamylation under physiologic conditions (116). Exposing
mice to cigarette smoke resulted in the generation of
carbamylated vimentin, and the sera from exposed mice
were broadly reactive against a variety of carbamylated antigens,
unlike control mice (117). Smoking and non-smoking RA
patients were also studied, and while anti-carbamylated protein
antibodies were detectable in both, titers were significantly
higher in smokers than in non-smokers (117).

A variety of autoantibodies have now been identified that
recognize carbamylated proteins in patients with RA, SLE, and
JIA (118-121). A recent study of pediatric rheumatology
patients revealed detectable anti-carbamylated protein
antibodies in 31% of patients with oligoarticular JIA, 21%
of patients with polyarticular-RF positive JIA, in 13% of
patients with polyarticular-RF negative JIA, and in 0% of
healthy controls (119). Notably, a recent meta-analysis showed
that triple positivity for RE ACPA, and anti-carbamylated
protein antibodies was highly specific to patients with
active RA, and patients who would go on to develop RA
(122).

Additional forms of post-translational modification are
relevant to the JIA “peptidome.” For instance, carbonylation
is the modification of arginine into glutamic semialdehyde,
and proline or methionine residues can undergo oxidation
(123). Oxidation has been studied in the context of the
molecular chaperone, transthyretin (TTR), which normally
functions as a transporter of thyroxine, retinol, and other
substances. Both TTR and anti-TTR antibodies are detected
in the synovial fluid and plasma in greater concentrations
in JIA patients than in controls. TTR can form aggregates
when oxidized, and these aggregates were detected in
JIA  synovium. Interestingly, experiments in HLA-DRI
transgenic mice revealed that in vivo T cell proliferation
was significantly higher when mice were immunized with
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oxidized, rather than native TTR, suggesting that the aggregated
forms of this autoantigen were more immunogenic (123).
Finally, malondialdehyde-acetaldehyde (MAA) adducts are a
consequence of oxidative stress; MAA adduction of proteins
is increased among patients with RA, and the presence
of anti-MAA antibodies correlates with ACPA positivity
(124).

While knowledge regarding T and B cell responses to
post-translationally modified autoantigens is burgeoning, it is
becoming clear that these alterations represent distinct portals for
breakdowns in immune self-tolerance, as these modified proteins
can serve as neoantigens.

AUTOANTIBODIES AND POTENTIAL
EXAMPLES OF MOLECULAR MIMICRY IN
RA AND JIA

A significant body of research shows an association between
periodontal disease and RA, and detectable titers of antibodies
to the pathobiont, Porphyromonas gingivalis, are seen more
commonly in RA patients than controls (125). Alpha-enolase is
an established autoantigen in RA which undergoes citrullination
and is present in the inflamed synovium (126). Immunization
of human HLA-DR4-expressing transgenic mice with enolase
derived from P. gingivalis induced arthritis and the development
of anti-citrullinated enolase autoantibodies. Thus, molecular
mimicry between exogenous enolase derived from P. gingivalis
may be a potential mechanism driving autoantibody formation
in RA, particularly in patients with periodontal disease and
colonization with P. gingivalis (127).

Another example of molecular mimcry which could
contribute to the pathogenesis of JIA involves binding
immunoglobulin protein (BiP), a member of the heat shock
protein (HSP) 70 family, and another established autoantigen
in inflammatory arthritis. Approximately 60% of adult patients
with RA and 37% of pediatric patients with polyarticular-
RF+ JIA have anti-BiP antibodies (128, 129). BiP appears
to have immunomodulatory effects, including inducing the
production of IL-10, IL-1 receptor antagonist, soluble TNFRII,
and downregulation of CD86 and HLA-DR (130). DBA/1J mice
immunized with citrullinated-, but not native BiP, developed
broadly reactive ACPAs. In a collagen-induced arthritis model,
pre-immunizing mice with citrullinated BiP exacerbated the
phenotype. The same authors also detected autoantibodies
to both native and citrullinated BiP in adult RA patients
(131).

Interestingly, a putative mimetope for BiP336_355 has been
discovered in bacterial HSPs. Immunization of HLA-DR4
transgenic mice with HSP70,87_30¢ derived from Mycobacterium
leporae induced the development of BiP autoantibodies. In
the collagen-induced arthritis model, oral administration of
this mycobacterial peptide induced tolerance, blunting the
development of arthritis and reducing anti-BiP autoantibody
production (132). Thus, tolerance against BiP, a common
autoantigen in RA and JIA, may be broken by immune responses
directed against a mycobacterial pathogen.

NEW APPROACHES TO AUTOANTIBODY
IDENTIFICATION

Admittedly, much of the knowledge of autoantibodies in JTIA
derives from experience and knowledge in adult RA. While
this is not unreasonable, it has major shortcomings since the
vast majority of patients with JIA do not fall into the RF+
polyarticular subtype, and are therefore clinically and likely
pathophysiologically distinct.

In recognizing this shortcoming, one group applied a novel
high-throughput nucleic acid programmable protein array in a
small sample of JTA patients to screen for autoantibodies reactive
against 768 proteins and identified 18 antibody specificities that
could segregate two clusters of patients (133). To our knowledge,
the autoantibodies discovered in this study have not been tested
in control patients, nor has this approach been applied to a larger
sample of patients. However, this or similar methods have the
potential to detect additional autoantibody specificities that may
promote new insight into the pathogenesis of JIA.

Another group recently looking to develop a novel diagnostic
tool for JIA looked to overcome the diversity of autoantibodies
in JIA and screened a random library of peptides displayed
via Phage-ELISA for mimetopes with reactivity to large
percentages of patients with JIA. This method successfully
identified a mimetope named “PRF+1” which discriminated
JIA patients from controls with a sensitivity of 61% and
specificity of 91%. This peptide was subsequently applied to a
differential pulse voltammetry system to generate an electro-
biochemical sensor for rapid detection of anti-PRF+1 antibodies
(134, 135).

SUMMARY

Autoantibody testing is commonly performed among children
with suspected JIA. It is essential to recognize that JIA is much
more heterogeneous than RA in adults, and that information
regarding the value of particular autoantibodies in adult RA (e.g.,
RF and ACPA) apply to only a small subset of JIA patients, i.e.,
those with RF+ polyarticular JIA. We have provided an overview
of commonly used autoantibody tests in JIA, seeking to explain
their clinical utility as well as limitations and challenges to the
field.

The ANA test is a non-specific test of autoantibody reactivity
against nuclear antigens. Although highly sensitive for SLE and
other related conditions, it is not a diagnostic test for JIA. ANA
positivity is most commonly seen in young, female patients
with oligoarticular disease. It does not clearly associate with
differences in prognosis in any subtype of JIA. Positive ANA
status does, however, increase the risk of uveitis and thus its
use in clinical practice is primarily focused on predicting the
ophthalmologic complications of JIA.

Patients with polyarticular JIA with RF and ACPA positivity
have more aggressive and erosive disease. These markers are
also not diagnostic tests for JIA, since most JIA patients do not
have the seropositive polyarticular subset of disease. Although
there are no studies proving roles for RF and ACPA in arthritis
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pathogenesis, in vitro studies indicate that these two groups of
antibodies may interact to drive immunopathology.

The multitude of targets recognized by all major
classes of autoantibodies in JIA has made determining
roles in pathogenesis more difficult. It is likely these
roles will not become clear until advances in proteomics
allow us to screen more patients for more specific
autoantibodies, and by embracing the complexities of these
autoimmune responses rather than attempting to simplify
them.
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Regulatory T cells (Tregs) are believed to be dysfunctional in autoimmunity. Juvenile
idiopathic arthritis (JIA) and juvenile dermatomyositis (JDM) result from a loss of normal
immune regulation in specific tissues such as joints or muscle and skin, respectively.
Here, we discuss recent findings in regard to Treg biology in oligo-/polyarticular JIA and
JDM, as well as what we can learn about Treg-related disease mechanism, treatment
and biomarkers in JIA/UDM from studies of other diseases. We explore the potential
use of Treg immunoregulatory markers and gene signatures as biomarkers for disease
course and/or treatment success. Further, we discuss how Tregs are affected by several
treatment strategies already employed in the therapy of JIA and JDM and by alternative
immunotherapies such as anti-cytokine or co-receptor targeting. Finally, we review
recent successes in using Tregs as a treatment target with low-dose IL-2 or cellular
immunotherapy. Thus, this mini review will highlight our current understanding and
identify open questions in regard to Treg biology, and how recent findings may advance
biomarkers and new therapies for JIA and JDM.

Keywords: regulatory T cells, juvenile idiopathic arthritis, juvenile dermatomyositis, biomarker, therapy

INTRODUCTION

CD41TFOXP3™ regulatory T cells (Tregs) are a subset of CD4™ T helper cells present in lymphoid
and non-lymphoid tissues, and are crucial for mediating tolerance to self, preventing allergies and
controlling immune reactions after infections (1). They develop in the thymus or are induced
in the periphery and exhibit contact-dependent and -independent mechanisms of action (1).
Inactivating mutations in FOXP3 lead to multi-organ autoimmune disease [immune dysregulation,
polyendocrinopathy, enteropathy, X-linked syndrome (IPEX)], highlighting the importance of
Tregs (2). Importantly, it is becoming clear that the local microenvironment affects the phenotype
and function of tissue-localized Tregs, which also have additional roles in repair and regeneration
(3).

Treg-tissue interaction might be particular important in autoimmunity with tissue-specific
presentation, such as juvenile idiopathic arthritis (JIA) and juvenile dermatomyositis (JDM).
While JIA is the most common inflammatory rheumatic disease in children, JDM is rare. JIA is
characterized by persistent arthritis and subtype-dependent symptoms [reviewed in (4)]. Here,
we focus on polyarticular and oligoarticular JIA, which present without involvement of systemic
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organs or skin. JDM is characterized by inflammation of muscles
and skin, resulting in muscle weakness and rashes [reviewed
in (5)]. Interestingly, for both conditions researchers may
take advantage of clinical sample collection from the site of
inflammation: synovial fluid (SF) drained during therapeutic
joint injection (JIA) and biopsies (mostly muscle, JDM). While
some patients respond to therapy, others do not and studying
the underlying differences may lead to better understanding and
treatments.

Here, we discuss recent advances in the understanding of Treg
biology in oligo-/ polyarticular JIA and JDM, and what we can
learn about Treg-related disease mechanisms, treatments and
biomarkers from other diseases.

ALTERED TREGS IN JIA AND JDM

The phenotype of CD4TFOXP3% Tregs in JIA has been
considerably characterized in the past (6) with the molecular
roles of FOXP3 in JIA reviewed by Copland and Bending in this
special collection (7). It is now clear that the Treg TCR (T cell
receptor) repertoire is highly restricted in JIA, both at the site
of inflammation (8-11) and in circulation (10, 12). Interestingly,
in blood only Tregs but not conventional CD4" non-Treg
cells (Tconv) are more clonal (10, 12). Some suggest that the
TCR repertoires of Tregs from SF and peripheral blood (PB)
significantly overlap (8), while others only found a very small
overlap (9, 11). These differences might be explained by different
sequencing depth and analysis strategies and/or by different Treg
subsets studied: total (11) or effector Tregs defined by HLA-DR
(8) or CD161 expression (9). Further, one study found that SF
Tregs, but not Tconv, share specificity at an amino acid sequence
level among different patients (10), suggesting disease-associated
Treg clones might foster JIA.

Besides a restricted TCR repertoire, Tregs from the JIA
inflammatory sites show unstable FOXP3 and CD25 (13), altered
homing markers (9), cytokine production (6, 9), deficiency in
specific chemokine production (14), and low responsiveness
to IL-2 (13)—indicating impaired Treg function in JIA.
Nevertheless, many reports found that JIA SF and PB Tregs are
fully demethylated (8, 13), thus committed to the Treg-lineage,
and suppressive in vitro (6, 8, 9, 13, 15). Hence, JIA Tregs
are likely functioning inappropriately or insufficiently in the
context of the inflammatory microenvironment. Interestingly,
adding SF to in vitro cultures can both increase/stabilize Treg
FOXP3 expression (11, 16) and in situ induce effector T cells
to be resistant to Treg-mediated suppression ex vivo (17, 18).
Thus, more research is needed to decipher the effects of the
inflammatory microenvironment on Treg function.

In comparison, we know little about the contribution of
Tregs to JDM pathogenesis. Similar to JIA, the Treg repertoire
is restricted with a lack of diversity (12). FOXP3" Tregs were
found to be enriched in JDM muscle compared to muscle tissue
from patients with Duchenne muscular dystrophy (19). Since
the latter is already enriched in Tregs compared to normal
muscle (20), this suggests a hyper-enrichment in JDM in response
to autoimmune inflammation. PB Tregs of active JDM also

appear less suppressive in vitro with decreased expression of
CTLA4 (19). Adult DM/ polymyositis muscle biopsies are also
enriched with Tregs (21). Interestingly, both Treg and effector
T cell numbers decreased post immunosuppressive therapy in
adult myositis, suggesting that Treg enrichment is a response to
inflammation. However, juvenile and adult DM have different
clinical presentation (22) and JDM PB express more Th17-type
and FOXP3 transcripts (23). JDM and other myopathies are
characterized by a type 1 IFN signature (24-26) and interferons
may be a potential therapeutic target (27), but their effects on
Tregs remain to be investigated.

Tregs are crucial in resolving muscle injury in animal studies
(28) and Treg-deficient mice develop more severe myopathies
in response to antigen, while adoptive Treg transfer prevents
inflammation (29, 30). Thorough immune-profiling recently
revealed pan-tissue and tissue-specific signatures and enhancers
of murine Tregs (31). The muscle Treg signature was highly
enriched in cell cycle genes, showed a dynamic response to
injury and was more similar to circulating Treg signatures
than to other tissue Tregs (31), indicating that muscle Tregs
might acutely infiltrate muscle and are not necessarily long-term
resident cells. While myopathy is a defining characteristic of
JDM, skin inflammation and rash are other symptoms (5). Skin-
resident Tregs are crucial for immune homeostasis (3) and have
been characterized in health and various disease settings (32).
However, studies on JDM-affected skin are lacking, and more
work is needed to characterize JDM skin-resident Tregs.

TREGS AS A BIOMARKER?

JIA and JDM can exhibit an unpredictable disease course. While
mounting evidence indicates that an early aggressive treatment
is best for severe disease (4, 27, 33, 34), the disease course
is unpredictable at presentation. Additionally, due to potential
short- and long-term side effects children should not be exposed
to unnecessary medication. Unfortunately, once a patient appears
to be in clinical remission (on or off medications), disease
may flare without any notice or obvious trigger (Figure 1A).
Indeed, among JTA patients who are in clinical remission, 30-50%
experience flares (35, 36).

Hence, reliable biomarkers need to predict (i) the future
disease course, (ii) treatment response, and (iii) the safety for
medication withdrawal during clinical remission (Figure 1B).

Inflammation markers in the serum can indicate disease
activity and potentially treatment response in JIA [reviewed in
(36)]. In JDM, histology of biopsies and myositis-specific auto-
antibodies can indicate future disease severity or complications
[reviewed in (27)].

Only a few putative biomarkers probe the immunoregulatory
balance in autoimmune arthritis and myopathies. The frequency
of inflammation-associated Tregs (HLA-DRT) in PB was
proposed as a biomarker for disease activity in arthritis (8).
TCR sequence overlap of these PB HLA-DR' Tregs with SF
Tregs in JIA, and an increase of HLA-DR' Tregs in active
rheumatoid arthritis (RA) were found. Low expression of the
immunoregulatory receptor CD39 has been suggested as an
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FIGURE 1 | Current and desired disease progression models. (A) Current “Trial-and-error” model: Upon diagnosis the first line of treatment is started, which may lead
to remission, or partial remission. Often, a second, third or fourth treatment strategy needs to be implemented when the previous treatments are not effective. Choice
of treatments is guided by previous experience, e.g., upon presentation non-steroidal anti-inflammatory drugs with glucocorticoids are used, after a couple of month
many patients are switched to methotrexate as first disease modifying therapy, often followed by anti-TNF-a agents with/without methotrexate (4). This disease
progression and subsequent staggering of therapy can result in irreversible damage and long-term therapy. (B) Desired personalized/biomarker-driven model:
Biomarkers could be used for prediction and aid decisions at the following stages: disease trajectory, selection of treatment, early response to therapy,
remission/minimal disease activity and the risk of flare upon withdrawal of therapy, ongoing monitoring of immune activity and risk of flares. Biomarkers might thus
contribute to more efficient therapy, pre-empt flares, and minimize short- and long-term effects of flares and reduce long-term damage. Lines represent models of

indicator of methotrexate resistance in RA (37). Also, response
to the TNF-a blocker adalimumab could be predicted by a Treg
increase in PBMCs from RA patients cultured with adalimumab
prior to treatment (38). Finally, the soluble form of the high
affinity IL-2 receptor a chain (CD25), crucial for Treg phenotype
and function, might be a biomarker for adult myositis disease
activity (39).

In the recent past, gene signatures have been defined as
multi-parameter biomarkers. Thus, far, efforts to define JIA
immune-based gene biomarkers have focused on whole genome
expression profiling (40-42) and epigenomic signatures (43,
44). JIA displays an altered immune signature, which changes
during remission, but does not return to a state comparable to
healthy controls (41, 42). Myositis is characterized by type 1
IEN signatures (27). While interesting and highlighting potential
disease mechanisms, whole-genome/exome expression profiling
is not feasible for routine clinical practice due to cost, logistics
and data interpretation. We have recently developed a Treg gene
signature associated with Treg competency using the clinically-
applicable multiplex platform nanoString (45). NanoString is fast
and fewer than 10,000 lysed cells are sufficient without the need
to purify RNA. Although the proportion of Tregs that express
FOXP3 was similar between type 1 diabetes (T1D) and controls,

there was a significant change in their Treg signature (45). Future
work will elucidate whether the Treg gene signature may also be
used as a biomarker in JIA and other autoimmune conditions.

In summary, some progress has been made, but more
biomarkers are needed for biological disease activity, prognosis,
treatment success, and risk of flares. Further, a consensus of
criteria to describe active/inactive disease is needed to better
estimate the currently widely variable incidence of clinically
inactive JTIA disease (46). For JDM, a comprehensive set of criteria
to assess disease activity and damage has been proposed (47).

TREGS AS THERAPEUTIC TARGET/TOOL?

Convincing evidence demonstrates that functioning Tregs are
crucial to prevent autoimmunity and our understanding of how
different immunotherapies affect Tregs has improved.

(Unforeseen) Treg Effects of

Immuno-Therapy

High levels of TNF-a in the inflamed JIA joint (32, 48) offer a
clear rationale for anti-TNF therapy in JIA with marked success
(4, 49). Anti-TNF therapy has also been used in refractory JDM
(50), but with mixed evidence for its effectiveness (27, 51-53).
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Blocking TNF-a can, however, also elicit further autoimmune
responses, particular in the skin and muscle (54-57). TNF-a
itself can have both positive and negative effects on Tregs (32,
58, 59). Interestingly, the negative effects are found especially
in inflamed joints (32, 58, 60), whereas positive effects of TNEF-
a on Treg function were reported using healthy human cells or
in mice (58, 61-64). TNF-a has two receptors CD120a (TNFR1)
and CD120b (TNFR2) (58). CD120b may mediate the pro-
Treg functions of TNF-a, including Treg proliferation, stabilizing
Tregs, and preventing disease in mouse models (58, 62-64). Little
is known about the effects of ligation of CD120a in Tregs, but
some research suggests targeting CD120a while sparing CD120b-
TNF-interaction can alleviate collagen-induced arthritis (65). In
RA, adalimumab has been shown to enhance Treg frequency and
potency via CD120b (38, 66, 67). Etanercept, a soluble CD120b
as TNF-a blocker, instead might predominantly affect effector
T cells, by reversing their resistance to suppression in JIA (68).
Unfortunately, a considerable group of JIA/JDM patients do not
respond to anti-TNF therapy (27, 49, 53) and anti-TNF agents
are immunogenic (69), with 50% of patients developing anti-
drug antibodies leading to resistance to therapy and disease
progression.

Ustekinumab is another potentially attractive anti-cytokine
therapy which targets the p40 subunit of IL-12 and IL-23,
key cytokines driving Thl, Th17, and Th17.1, (ex-)Th17 cells
with a Thl-like phenotype, function (70-74). Ustekinumab
is well-tolerated in adult and pediatric patients for treating
psoriasis, psoriatic arthritis, systemic lupus erythematosus (SLE),
and Crohn’s disease (70, 71, 75-77), and has shown lower
immunogenicity compared to most anti-TNF agents (69). Th17.1
are enriched in JIA (72, 73), and ustekinumab therapy had some
success in enthesitis-related JIA (78), psoriatic arthritis (69, 79)
and is in trial for various rheumatological diseases (80). While
no imbalance in IL-17 has been established in JDM (19), Th17.1
have not been investigated. Ustekinumab has been suggested as a
potential therapy for JDM, and a case of JDM with psoriasis was
treated successfully with ustekinumab (81). Due to the reciprocal
relationship between Th17 and Tregs (82), Tregs might also be
affected by ustekinumab therapy, and this was indeed suggested
in a case report of giant cell arteritis (83) and in T1D treated with
ustekinumab (NCT02117765; Pesenacker et al.).

IL-6 also drives inflammatory environments, including
skewing the Treg/Thl7 balance toward Th17 (71). Anti-IL-6
receptor therapy (tocilizumab) increases Treg frequency and
numbers in RA (71). IL-6 has also been implicated in JIA and
JDM (11, 17, 84, 85) and is used in polyarticular, extended
oligoarticular, systemic JIA (49), and refractory JDM (50), but
mechanistic studies in pediatric disease are lacking.

Whether drugs such as ustekinumab and tocilizumab act on
Tregs directly or through changing the microenvironment is
unclear. Human Tregs can express the receptors for IL-6 (86),
IL-12 (87), and IL-23 (88), but evidence for direct drug action on
Tregs is lacking.

Alternatively, co-receptors can be targeted to manipulate
the immunoregulatory balance. Initially established for cancer
therapy (checkpoint blockade), mimicking checkpoints such as
CTLA4 (CTLA4-Ig, abatacept, belatacept) is used as treatment

for autoimmunity. Abatacept has been shown to be safe and
effective in oligo- and polyarticular JIA (49, 89-92), adult
DM/polymyositis (34, 53), a case report of steroid-sparing
abatacept in complex JDM (93) and a trial in JDM is underway
(27). A reduction of the T cell activation state is the main reported
effect of abatacept (90, 94-96). Surprisingly, the majority of
studies found abatacept decreases the frequency of Tregs (90,
95, 97-99), with some studies showing an increase in function
(99). On the other hand, increased Treg frequency, but decreased
activity after abatacept therapy in RA was demonstrated (100). In
muscle tissue of adult DM/polymyositis, more Tregs were found
following abatacept (34), suggesting that abatacept treatment
could change Treg localization. Other co-receptor targeting
therapies are in use/development for malignancies (e.g., anti-
PDI, anti-TIM3, anti-TIGIT, etc.) and these pathways might be
useful targets in autoimmunity.

Treg (-Targeted) Therapy

Adoptive transfer of Tregs has been shown to be safe and
possibly effective at reducing inflammation, inducing transplant
tolerance, preventing graft-vs.-host disease (GVHD) and treating
autoimmunity [reviewed in (101)].

Important considerations for Treg-therapy currently under
investigation are the source of therapeutic cells, antigen-
specificity and possibly tailoring homing characteristics
for improved activity. Isolating and expanding sufficient
numbers of Tregs from patients awaiting transplantation,
under immunosuppression or with autoimmune disease is
feasible and can restore their function (101-103), although
achieving clinically relevant Treg numbers from pediatric JIA
and JDM patients might prove challenging. Third-party Tregs
from umbilical cord blood have been found safe and possibly
effective as GVHD prophylaxis in adults (104, 105) and pediatric
thymus—routinely removed during pediatric cardiac surgery—
might be a plentiful source for highly functional therapeutic
Tregs (106, 107). Antigen-specific Tregs are more effective
than polyclonal Tregs for therapy and with recent successes
of chimeric antigen receptor (CAR) T effector therapies for
cancer, there has been a surge to adapt this technology to
generate CAR-Tregs [reviewed in (108)]. While generation of
antigen-specific Tregs recognizing allogeneic HLA-molecules
is relatively straightforward in transplantation, generation of
CAR-Tregs for autoimmunity without known antigen (i.e., JIA)
might be difficult. Still, CAR-Tregs reacting with antigen found
at the site of inflammation (i.e., JIA joints or JDM muscle) could
activate Tregs locally. Alternatively, Tregs could be conditioned
in vitro to home to specific sites (107) or Tregs could be injected
locally, as shown with intra-dermal injection of Tregs to inhibit
murine allograft skin inflammation (109).

Since Treg cell therapies are challenging and expensive,
targeting Treg expansion in vivo might be more feasible for
conditions such as JIA and JDM. The most promising advances
of non-cellular therapies targeting Tregs have been low-dose IL-
2, IL-2 complexes, or IL-2 bio-similars (110-112). While high
doses of IL-2 stimulate mainly effector cells, low-dose IL-2 [0.3—
3 x 10° units/day (112)] skews the response toward Tregs.
Low-dose IL-2 increases the frequency of activated, functional
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and fully demethylated CD25TFOXP3" Tregs (113-115) and
induces STAT5 phosphorylation in vivo (114, 115). Low-dose IL-
2 therapy has been deemed safe and successful in the treatment
of TID (112, 114, 115), GVHD (116, 117), and SLE (113). Indeed,
low-dose IL-2 therapy rescued Tregs with low levels of CD25 in
SLE (113), indicating that it might also rescue JIA Tregs with
low CD25 expression (13). To further fine-tune specificity or
increase the half-life of IL-2, IL-2 complexes, and bio-similars
are in development (110, 111, 118); these expand Tregs and
induce phosphorylated STAT5 in vitro, in vivo, and prevent
disease in animal models (118-121), including resolution of
muscular dystrophy (20). Covalently linking IL-2 to anti-IL-2
(122), to non-FcRy-binding human IgG1 (123) or CD25 (124)
may enhance potential clinical application by mitigating the risk
of in vivo dissociation of complexes.

However, increasing Treg numbers alone might not be
sufficient to overcome the highly inflammatory environment
and effector cell resistance. Thus, to achieve sustained remission
combination-therapy might be necessary to reduce the
inflammatory milieu paralleled with boosting Tregs to maintain
a renewed tolerance.

CONCLUDING REMARKS

Taken together, it is clear that Tregs present challenges and
opportunities in JIA and JDM research and clinical management
(Figure 2). Their phenotype and function are clearly altered in
JIA and JDM, targeting them might improve disease outcome and
Tregs could be used as biomarkers to gage the state and progress
of disease.

The role of the microenvironment on Treg function
and phenotype in JIA- and JDM-affected tissues remains to
be explored further. Researchers should take advantage of
biopsies taken for clinical diagnosis (JDM) and SF aspirated
during therapeutic joint injections (JIA). Novel techniques,
such as single cell sequencing, multidimensional mass/flow
cytometry and microscopy, will aid using clinical samples
to their full potential (125-127). Additionally, co-culture
with SF or muscle-derived cells could highlight how the
microenvironment affects Tregs. Since JDM in particular is
a rare disease, collaborations between groups are crucial to
increase sample size for fundamental research, biomarker-
finding and -validation studies and controlled treatment trials.
This could be achieved by consortiums similar to juvenile
diabetes research foundation (JDRF) biomarker working group
for TID (114) and the immune tolerance network trials
(128).

While there is progress toward unified measures of
disease activity (46, 47), these will need to be tested and
verified, followed by development of feasible, reliable
and cost-effective biomarkers to predict disease activity,
risk of flare and ideal treatment strategies. The ultimate
goal, aided by biomarkers, is to go from a trial-and-
error treatment approach toward a more efficient and
personalized medicine approach with more patients achieving
drug-free remission without major long-term disabilities
(Figure 1).

Success of various agents affecting the immunoregulatory
balance in other diseases point to potential uses in JIA
and JDM. Any (new) therapy will need to be considered
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in regards to both effector cells AND Tregs, since some
therapies might have unexpected effects on Tregs. Thus,
it is important to continuously build our understanding
of how various agents affect the immunoregulatory
balance.

In conclusion, important recent advances might lead to
valid future contributions to the widened arsenal of treatment
options available to restore the immunoregulatory balance in a
heterogeneous disease spectrum.
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Monogenic autoinflammatory disorders are a group of conditions defined by systemic
or localized inflammation without identifiable causes, such as infection. In contrast to
classical primary immunodeficiencies that manifest with impaired immune responses,
these disorders are due to defects in genes that regulate innate immunity leading to
constitutive activation of pro-inflammatory signaling. Through studying patients with rare
autoinflammatory conditions, novel mechanisms of inflammation have been identified
that bare on our understanding not only of basic signaling in inflammatory cells, but also
of the pathogenesis of more common inflammatory diseases and have guided treatment
modalities. Autoinflammation has further been implicated as an important component
of cardiovascular, neurodegenerative, and metabolic syndromes. In this review, we
will focus on a subset of inherited enzymatic deficiencies that lead to constitutive
inflammation, and how these rare diseases have provided insights into diverse areas
of cell biology not restricted to immune cells. In this way, Mendelian disorders of the
innate immune system, and in particular loss of catalytic activity of enzymes in distinct
pathways, have expanded our understanding of the interplay between many seemingly
disparate cellular processes. We also explore the overlap between autoinflammation,
autoimmunity, and immunodeficiency, which has been increasingly recognized in patients
with dysregulated immune responses.

Keywords: autoinflammation, innate immunity, mutations, enzyme deficiency, metabolic sensors, ubiquitination,
protein homeostasis

INTRODUCTION

Autoinflammatory disorders are characterized by recurrent or persistent systemic or organ specific
inflammation without inciting event and classically present with elevated acute phase reactants
(1, 2). Characterization of these disorders has primarily focused on familial forms of disease
due to highly penetrant mutations as was the case with the identification of the MEFV gene
responsible for Familial Mediterranean Fever (FMF) and mutations in the TNFRSFIA gene as
the cause of dominantly inherited TRAPS (Tumor Necrosis Factor Receptor Associated Periodic
Syndrome). As genetic sequencing technology and analysis have improved and cost has decreased,
there have now been nearly 30 genes identified as causative for autoinflammatory disorders
(3). Many of the earliest identified monogenic autoinflammatory diseases were directly related
to constitutive inflammasome activation and include FMF and cryopyrinopathies, or loss of
a critical inhibitory mechanism as in deficiency of IL-1 (DIRA) or IL-36 (DITRA) receptor
antagonist leading to imbalanced cytokine receptor signaling (4-9). Examples such as these have
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Enzyme Deficiencies and Autoinflammation

led to classification systems focused on the primary molecular
pathways that are altered and thus diseases have been denoted
as inflammasomopathies, interferonopathies, and NF-kB related
autoinflammatory disorders (10-13). These classifications have
helped identify shared mechanisms of disease pathogenesis and
principles of treatment. Generally, autoinflammatory disorders
are due to gene dysregulation restricted to hematopoietic
lineages, whereas involvement of non-inflammatory cells is
limited. Although most monogenic autoinflammatory disorders
can be placed into this paradigm, many newly identified disorders
seem to defy this classification and they have revealed a role for
pathways not previously linked to immune function.

Here we will focus on classifying a subset of disorders
by the specific biochemical deficiency as opposed to the
clinical manifestations or immune mechanism that is disrupted
(Table 1). These disorders will be organized by the affected
cellular function to highlight the unexpected links between
specific biochemical processes and immune dysregulation. We
will review disorders that are due to loss of a enzymatic
activity and how these diseases may reveal important aspects
not only of immunology but of basic cellular signaling.
Enzymatic deficiencies offer unique potential treatment strategies
based on either accumulation of toxic substrates or loss of
catalytic products and can theoretically be treated with enzyme
replacement therapy.

DISORDERS DUE TO DISRUPTION OF
PROTEIN TRANSLATION AND
HOMEOSTASIS

tRNA Nucleotidyltransferase, CCA-Adding,

1 (TRNT1) Deficiency

The TRNTI gene encodes a ubiquitously expressed tRNA
nucleotidyltransferase, CCA-Adding, 1 (TRNT1) that is essential
for protein synthesis. TRNT1 adds and repairs the conserved
CCA sequence at the 3’ end of all precursor cytosolic
and mitochondrial transfer ribonucleic acids (tRNAs), a step

necessary for the attachment of conjugate amino acids (14).
TRNT1 also regulates RNA stability through tRNA decay
mechanisms and may play an important role in reducing levels of
non-coding RNAs (15). TRNT1 is localized to the mitochondria
via a 41 amino acid transit peptide and is expressed in all tissues.
The crystal structure of human TRNT1 (PDB ID:10u5) shows
that the protein functions as a homodimer via intermolecular
disulfide bond (16). Complete deficiency of Trntl in mice is
embryonic lethal further highlighting the essential function of
this gene.

Bi-allelic loss of function mutations in TRNTI lead to a
recessively inherited syndrome named SIFD for sideroblastic
anemia, B-cell immunodeficiency, developmental delay, and
periodic fevers (Figure1A) (17, 18). Given the ubiquitous
expression of TRNT1, it is not surprising that reduced function
of the enzyme leads to a complex phenotype. To date, more
than 30 patients have been reported with significant clinical
and immunologic heterogeneity (17, 19-22). At the severe
end of the spectrum are patients with neonatal-onset severe
anemia and prominent extramedullary erythropoiesis, profound
immunodeficiency, metabolic and neurological abnormalities
(17). In this first published cohort of 12 patients, median survival
was 48 months and seven patients died due to cardiac or
multiorgan failure. Recurrent fever has been reported in most
but not all patients with SIFD. Immunodeficiency in SIFD is
primarily due to defects in B cells differentiation and can manifest
early in life or can be progressive and present later (23). T and
NK cell numbers are in the low-normal range and some patients
also carry a diagnosis of combined variable immunodeficiency
but without serious bacterial or viral infections. At the milder
end of the spectrum are patients with non-syndromic retinitis
pigmentosa and subtle hematological features (24, 25).

SIFD-associated variants are loss-of-function and they
include missense, non-sense, frameshift, and splice site
mutations. TRNTI pathogenic variants are either novel or
have a low frequency in the general population. As is the
case with many other recessively inherited diseases, a subset

TABLE 1 | Summary of diseases, genes, and inheritance for autoinflammatory disorders discussed.

Disease Acronym MIM disease Inheritance Gene/protein Transcript ID

Sideroblastic anemia, B-cell immunodeficiency, SIFD 616084 AR TRNT1/TRNTA NM_001302946

developmental delay and periodic fevers

Majeed syndrome - 609628 AR LPIN2/LPIN2 NM_014646.2

PLCy2-associated antibody deficiency, PLAID 614468 AD PLCG2/PLCy2 NM_002661.3

and immune dysregulation

Autoinflammation, PLCy 2-associated antibody APLAID 614878 AD PLCG2/PLCy2 NM_002661.3

deficiency,

and immune dysregulation

Monogenic systemic JIA/IBD - AR C130RF31/LACC1/FAMIN NM_153218

Mevalonate kinase deficiency MKD/HIDS 251170/ AR MVK/MVK NM_000431.3
260920

Haploinsufficiency A20 HA20 616744 AD/De novo TNFAIP3/A20 NM_006290.3

Otulipenia/Otulin-related autoinflammtory syndrome ORAS 615712 AR OTULIN/OTULIN NM_138348.5

RIPK1 deficiency - 618108 AR RIPK1/RIPKA1 NM_003804

Deficiency of adenosine deaminase 2 DADA2 615688 AR CECR1/ADA2/ADA2 NM_001282225.1
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FIGURE 1 | Autoinflammatory diseases due to dysregulation in proteostasis. SIFD (A) and CANDLE (B) syndromes.

of patients were identified in founder populations with
homozygous pathogenic variants. Hypomorphic mutations in
TRNT1 reduce protein expression, affect protein stability, or
alter its catalytic efficiency (18, 26). So far, no patients have
been identified with biallelic non-sense or frameshift mutation,
further emphasizing that residual TRNT1 protein is essential for
development. In TRNT1-deficient cells, maturation of nuclear
and mitochondrial tRNAs is impaired, which leads to a defect in
global protein synthesis (21, 27). As result, these cells are unable
to maintain protein homeostasis under stress conditions. Protein
degradation pathways, which are essential for clearance of
unprocessed/misfolded proteins, eventually become insufficient
to remove an excessive load of misfolded proteins in mutant
cells. Accumulation of misfolded proteins can then result in
cell death and release of various proinflammatory cytokines
through the unfolded protein response (UPR). Although ER
stress and activation of the UPR has not been experimentally
demonstrated in TRNT1-deficient cells, there are examples of
other similar systemic inflammatory diseases of dysregulated
protein homeostasis, such as Chronic atypical neutrophilic
dermatosis with lipodystrophy and elevated temperature
(CANDLE) and POMP-related autoinflammation and immune
dysregulation disease (PRAID). Both CANDLE and PRAID
syndrome result from defects in proteasome assembly leading
to the accumulation of ubiquinated proteins triggering cellular
stress and the type 1 interferon (IFN) response (Figure 1B)
(28, 29). In addition to the UPR stress-mediated inflammatory
response, reactive oxygen species (ROS) accumulation has been
observed in cultured SIFD patients’ fibroblasts, and elevated
ROS levels can activate other inflammatory pathways such as the
NLRP3 inflammasome and type I interferon response (21, 30).
Furthermore, some clinical manifestations of SIFD resemble
patients with mitochondrial disorders and patient-derived
fibroblasts showed decrease in cellular respiration and oxidative
phosphorylation (31).

Thus, far, it has not been investigated why hypomorphic
mutations in TRNTI cause severe defects in differentiation
of hematopoietic cells, but it may have to do with tissue-
specific regulatory functions or the specific metabolic demands
of immune cells. Similar tissue specific clinical manifestations
have been identified in genetic syndromes with loss of tRNA
synthetases, enzymes responsible for tRNA conjugation to
specific amino acids, despite their essential function across all
tissues (32).

Most patients are treated symptomatically with blood
transfusions, IgG replacement therapy, and corticosteroids, while
the disease morbidity and mortality remains high. Necessity for
blood transfusions for anemia is often increased during fevers.
Anti-TNF therapy suppresses inflammation reducing the need
for blood transfusions, and improving growth, although it is not
clear if non-immune functions improve under these therapies
(21). Molecular diagnosis in early life is crucial to prevent some
of the severe disease consequences. Hematopoietic stem cell
transplantation (HSCT) has been attempted and has helped with
hematological features, however one patient died of transplant-
related complications (17).

SECOND MESSENGER MEDIATED
DISEASES

LPIN2-Deficiency

LPIN2 is a member of the lipin family of enzyme, which function
in glycerolipid biosynthesis (33, 34). There are 2 other lipin family
member enzymes, LPIN1, and LPIN3. LPIN2 is a phosphatidate
phosphatase (PAP) that catalyzes the conversion of phosphatidic
acid to diacylglycerol (DAG), a critical byproduct necessary
for the production of triacylgycerol, phophatidylcholine, and
phosphatidylethanolamine (35). DAG works as a secondary
lipid messenger by activating protein kinases and RAS signaling
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pathways among others (36). In addition to the PAP activity,
LPIN1 and 2 may function as a transcriptional co-activator
with peroxisome proliferator-activated receptors (PPARa) (37).
LPIN1 and LPIN2 are expressed in macrophages and seem
to have opposite roles in regulating immune responses
(38, 39). While LPIN1 acts as a proinflammatory mediator
during Toll-like receptor (TLR) signaling, LPIN2 downregulates
proinflammatory signaling induced by saturated fatty acids (40).
In vitro depletion of LPIN2 causes increased expression of IL-
6 and TNF in macrophages. In vivo studies of LPIN2 function
have also demonstrated its role as a negative regulator of the
NLRP3 inflammasome and TLR4 signaling (41). LPIN2-deficient
mouse bone marrow derived macrophages (BMDM) display
low cholesterol levels, an increase in ATP-promoted potassium
flux, and increased activity of the PTX; receptor. Thus, reduced
function of LPIN2 results in upregulation of the inflammatory
pathways and leads to overproduction of IL-1f, IL-18, and TNF
cytokines. Similar results were obtained in primary patient-
derived macrophages. These studies established a critical link
between lipid biosynthesis and inflammation.

LPIN2 loss of function in humans leads to Majeed Syndrome,
a rare, recessively inherited disorder that is characterized by the
triad of early-onset chronic recurrent multifocal osteomyelitis
(CRMO), dyserythropoietic anemia (typically microcytic), and
neutrophilic skin lesions (Figure 2A) (42, 43). While CRMO and
skin inflammation can be explained by a loss of LPIN2 anti-
inflammatory function, the molecular mechanism of anemia is
less clear. Interestingly, LPIN1 is highly expressed in muscle,
and loss of enzymatic activity leads to a recessively inherited
muscle disease (44). Given the ubiquitous expression of LPINI
and LPIN2 and the widespread importance of glycerolipids in
diverse cellular functions, it is intriguing why deficiency of
these enzymes would cause these very distinct, tissue-specific
phenotypes. To date, 14 cases of Majeed syndrome have been
reported, all in consanguineous families of Middle Eastern
ancestry. As all patients carry a private homozygous mutation
there is a limited number of identified pathogenic variants
(Infevers). Causal variants include mostly non-sense and splice
site mutations that lead to reduced protein expression. A single
pathogenic missense variant, p.Ser734Leu, was shown in vitro to
abolish the PAP activity of LPIN2, suggesting that this activity is
important for the pathogenesis of the disease (45).

IL-1 blockade results in dramatic improvement in clinical
and laboratory parameters of inflammation in Majeed syndrome,
confirming that loss of LPIN2 in these patients leads to
autoinflammation via enhanced IL-1f production (46).

PLCG2-Associated Diseases

Phospholipase C (PLC) enzymes have a key role in the regulation
of variety of cellular functions (47). The PLC family of enzymes
include PLCy1 and PLCy2, encoded by PLCGI and PLCG2
genes, respectively. These enzymes catalyze the hydrolysis of
phospholipids and generate secondary messengers that provide
a signal between many cellular receptors with downstream
intracellular pathways. While PLCG1 is ubiquitously expressed,
PLCG2 is highly expressed in hematopoietic cells. PLCy2 is
activated by immune receptors such as B cell and Fc receptors

and has an important role in mediating innate immune responses
(48). In response to receptor stimulation, PLCy2 catalyzes
the formation of the second messengers inositol triphosphate
(IP3) and DAG from phosphatidylinositol 4,5-bisphosphate
(PIP2). IP; binds to IP3 receptors on the endoplasmic
reticulum, resulting in calcium release and subsequent activation
of various signaling pathways including mitogen activated
protein kinases (MAPK). DAG remains bound to the cell
membrane where it can activate protein kinase C (PKC)
and other kinases. Pathogenic mutations in PLCG2 lead to
two distinct phenotypes: PLCy 2-associated antibody deficiency
and immune dysregulation (PLAID) and autoinflammation,
antibody deficiency, and immune dysregulation (APLAID)
(Figures 2B,C).

PLAID is a dominantly inherited disease characterized by
cold-induced urticarial or blistering rash with onset in infancy,
variable degrees of immunodeficiency and autoimmunity, and
skin granuloma formation (49). In some patients, the skin
lesions get worse over time leading to tissue destruction.
APLAID is also dominantly inherited and presents early in
life with fever, blistering, or erythematous relapsing skin
lesions often triggered by heat and sweating, arthralgia, ocular
inflammation, enterocolitis, and progressive interstitial lung
disease (50). To date over thirty patients with PLAID and
only two patients with APLAID have been reported (51). The
main distinguishing features between PLAID and APLAID are
that PLAID patients have cold-induced urticaria and prominent
autoimmune features as compared to APLAID patients. Features
of autoimmunity were found in about 25% of patients with
PLAID. B cell immunodeficiency is in the spectrum of both
diseases, and manifests with recurrent bacterial respiratory
and GI infections. Common laboratory findings include
antibody deficiency (low serum IgG and IgM) and decreased
levels of circulating CD19+ and class-switched memory
B cells.

The disease pathophysiology is due to a complex combination
of temperature-sensitive, cell-specific gain and loss-of-function
variants in the PLCy2 signaling pathway (52). PLAID families
were found to have in-frame genomic deletions spanning
the c¢SH2 autoinhibitory domain of PLCy2. This domain
blocks the active site of the enzyme and deletion of this
region results in diminished PLCy2-mediated signaling at
physiologic temperature but enhanced signaling at sub-
physiologic temperatures. Primary B and NK cells from
PLAID patients have an anergic phenotype while mast cells
spontaneously activate when exposed to lower temperature due
to loss of the autoinhibitory domain. On the other hand, APLAID
patients, who carry a gain-of-function missense mutation instead
of a deletion in the same cSH2 autoinhibitory domain of
PLCy2, have very different cellular and clinical phenotypes.
The gain-of-function mutation identified in APLAID patients,
p-Ser707Tyr, causes temperature-independent production of
IP;, intracellular Ca?* release and ERK phosphorylation in
patient-derived PBMCs (50). In addition, there is evidence
for Ca-dependent activation of the NLRP3 inflammasome in
primary cells (53). Collectively, these data suggest constitutive
hyper activation of myeloid cells in APLAID.
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FIGURE 2 | Autoinflammatory diseases due to dysregulation in lipid-mediated signaling. LPIN2 (A), PLAID (B), and APLIAD (C) syndromes.

PLAID and APLAID patients with noticeable
immunodeficiency require immunoglobulin  replacement
therapy, while patients with a severe inflammatory phenotype
have proven difficult to treat. Although the NLRP3
inflammasome was shown to have a role in mediating
inflammation in APLAID, IL-1 inhibitors have been mostly
ineffective. Similarly, other cytokine inhibitors have been
trialed but were ineffective in suppressing disease activity. This
observation suggests function for other yet unknown pathways
in the disease pathogenesis.

METABOLIC SENSORS IMPLICATED IN
AUTOINFLAMMATORY DISEASES

LACC1 Deficiency

LACCI encodes for the protein FAMIN (Fatty Acid Metabolism
and Immunity Nexus), which has homology to bacterial
multicopper oxidoreductase enzymes (54, 55). FAMIN interacts
with fatty acid synthase (FASN) and localizes to the peroxisome.
FAMIN is predominantly expressed in macrophages, where
it regulates fatty acid oxidation and lipogenesis to maximize
metabolism (55). The exact mechanism of how FAMIN controls
lipid balance is not clear but patient monocytes with different
LACCI alleles have altered laccase (phenol-oxidoreductase)
suggesting loss of this enzymatic activity may be the mechanism
of disease (56, 57).

The first link between LACCI and disease was identified
through an association with leprosy and Crohn’s disease (CD) by
genome wide association studies (GWAS) (58-61). Interestingly
leprosy and Crohn’s disease are both granulomatous disorders,
and share the same LACCI risk allele, the specific missense
p-Ile254Val variant (rs3764147; MAF = 0.27). Later studies
have demonstrated an association between a SNP (rs2121033;
MAF = 0.27) downstream of LACCI with Behcet’s Disease
(Figure 3A) (62, 63). It is possible that these two susceptibility

alleles are in linkage disequilibrium and therefore inherited on
the same haplotype. LACCI was subsequently identified as a
cause of recessively inherited monogenic CD, based upon a single
consanguineous Saudi Arabian family with multiple members
presenting with early-onset disease (64). The novel p.Cys284Arg
variant segregated with the disease phenotype in this large family
with four affected and seven unaffected members. This mutation
is predicted to be detrimental for protein stability and activity,
although this has not been confirmed experimentally. LACCI
was further implicated in monogenic autoinflammatory disease
through identification of families with recessively inherited
systemic juvenile idiopathic arthritis (SoJIA) (65). The same
mutation, p.Cys284Arg, identified in the family with CD,
was identified in 13 children affected with juvenile idiopathic
arthritis from five consanguineous Saudi Arabian families.
All patients had symmetrical polyarthritis, the characteristic
quotidian fevers, evanescent rash and were homozygous for
the missense mutation p.Cys284Arg (65). Interestingly, none of
the patients with inflammatory arthritis had CD or ulcerative
colitis. Thus, the same population-specific variant has been
linked to distinct inflammatory phenotypes. Two recent studies
reported 19 additional patients with primarily juvenile idiopathic
arthritis, all from Middle Eastern consanguineous families, with
distinct genotypes including p.M1I, p.R414*, p.1330del, p.1254V,
p-Cy370Tyrfs*6, and p. T276fs*2 in LACCI (66, 67). Some of
these mutations have been shown to result in decreased protein
expression, confirming that the disease is caused by loss of
function of FAMIN.

Effective treatment modalities reported include TNF blockade
with adalimumab or IL-6 inhibition with tocilizumab (66). Given
the fact that LACCI/FAMIN controls reactive oxygen species
production in macrophages, loss of this enzyme was predicted
to result in decreased IL-1f production. However, knockout and
knock-in disease mutation murine models show increased IL-18,
likely due to compromised pathogen clearance (55). Similar
findings were made in patient-derived cells with a p.1254V
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FIGURE 3 | Autoinflammatory diseases due to impaired metabolic sensors.
LACC1 (A) and MVK (B) syndromes.

homozygous variant, which revealed decreased ROS production
and decreased NOD2-dependent bacterial clearance (56). The
central function of LACCI in granulomatous disease and
pathogen clearance is similar to that of NOD2, a key pathogen
recognition receptor mutated in a Mendelian granulomatous
disease, Blau Syndrome, and polygenic CD. Because the same
LACCI mutations, p.Jle254Val and p.Cys284Arg, have been
associated with multiple phenotypes including, leprosy, BD,
SoJIA and early-onset CD, it is likely that environmental factors,
such as microbiota, play an important role in disease expressivity
and manifestations. The study of phenotypes associated with
mutations in NOD2 and LACCI implies that environmental
factors may be important in the pathogenesis of more common
granulomatous diseases including sarcoidosis (68). The critical
position of FAMIN in cellular energy homeostasis reveals unique
regulatory functions that exist in phagocytes to ensure a balance
of energy sources available for clearance of pathogens.

Mevalonate Kinase-Associated Diseases
Another example of dysregulated immunometabolism
is mevalonate kinase deficiency/hyper IgD syndrome
(MKD/HIDS). Mevalonate kinase (MVK) is a key enzyme
in the biosynthesis of cholesterol and isoprenoids, catalyzing
the conversion of mevalonic acid to mevalonate-5-phosphate.
Through this role in cholesterol synthesis, MVK regulates
levels of geranylgeranyl pyrophosphate, which is important for
prenylation and regulation of the small GTPases. RhoGTPases
inhibit the pyrin inflammasome by activating protein kinase N
enzymes (PKNs), which suppress pyrin function (9). Protein
geranylgeranylation is also critical for TLR-induced activation
of phosphatidylinositol-3-OH kinase (PI(3)K) through the
interaction between the small GTPase KRAS and the PI(3)K
catalytic subunit pllOdelta. Compromised (PI(3)K) activity
results in constitutive activation of pyrin (69). Thus, loss of MVK
activity leads to reduced prenylation of GTPases, which in turn
results in increased activity of the pyrin inflammasome and
excessive production of IL-1f.

Recessive loss of function mutations in MVK can result
in a spectrum of disease ranging from severe multisystem
disease (mevalonic aciduria; MKD) to a milder autoinflammatory

disease (HIDS) (Figure 3B) (70). Patients with MKD manifest
dysmorphic features, psychomotor retardation, progressive
cerebellar ataxia, and systemic inflammation. Patients with HIDS
have episodes of high fever, rash, abdominal pain, aphthous
ulcers, pharyngitis, swollen lymph nodes, and arthralgia/arthritis.
These symptoms are often triggered by immunization or other
stresses. Cells from patients with HIDS still have residual
MVK enzymatic activity (about 1-10% of the activity found
in healthy control cells), whereas patients with MKD have
complete deficiency in enzyme activity (71, 72). Most severe
MKD-associated mutations create truncated proteins, whereas
HIDS-associated mutations are missense substitutions and are
thought to impair MVK stability (73, 74). The inflammatory
phenotype in patients with HIDS is ameliorated with anti-IL-1
therapy consistent with the finding that MVK-deficient PBMCs
secrete higher levels of IL-1p (75-77).

POST-TRANSLATION MODIFYING
ENZYMES IN AUTOINFLAMMATORY
DISEASES

Several recently described autoinflammatory disorders highlight
the role of post-translational modifications (PTMs), in the
regulation of TNF and IL-1B signaling pathways and NF-«kB
activation (10, 78). Ubiquitination is the covalent attachment
of an evolutionarily conserved 76-amino acid ubiquitin (Ub)
protein to target substrates in the form of a monomer or
polymers (ubiquitin chains; Ub chains). Ubiquitin chains can be
conjugated at different lysine residues (K6, K11, K29, K33, K48,
K63) along with the amino terminal methionine (M1), which can
determine the fate of the modified protein. Proteins conjugated
with Lys48 (K48) Ub chains are targeted for degradation via the
ubiquitin-proteasome system (UPS), while Lys63 (K63) linked
and linear Ub chains have essential roles in promoting signaling
cascades. Ubiquitination can be reversed by a class of enzymes
known as deubiqutylases or deubiquitinases (DUBs). There are
more than 100 known DUBs expressed in various cells and with
different degrees of specificity for Ub chains. Several DUBs are
highly expressed in hematopoietic cells where they function as
negative regulators of NF-kB signaling (A20, OTULIN, CYLD,
and Cezanne). Mutations in genes encoding some of these DUB
enzymes, along with other PTM enzymes such as kinases, have
been recently implicated in autoinflammatory disorders.

Haploinsufficiency of TNFAIP3/A20 (HA20)

TNFAIP3/A20 has two enzymatic activities that synergize to
restrict inflammatory responses: it has deubiquitinase activity
by which it causes hydrolysis of K63 Ub linkages in receptor
signaling complexes, and it has E3 Ub ligase activity through
which substrates are modified with K48 Ub chains to target
them for proteasomal degradation (79). TNFAIP3/A20 is a
790-residue protein that consists of an amino-terminal ovarian
tumor domain (OTU) followed by 7 zinc finger domains (ZFs).
The ZnF4 domain is essential for A20 E3 ligase activity and
dimerization. The protein has a critical role as negative regulator
of canonical NF-kB signaling. A20 null mice exhibit multi-organ
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inflammation, cachexia, and early lethality, while conditional
A20 knockout in B cells, T cells and/or epithelial cells alone
do not lead to spontaneous inflammation suggesting that the
inflammatory phenotype is specific to myeloid cells (80).

Heterozygous loss-of-function mutations in TNFAIP3/A20
are associated with an autoinflammatory disease named
haploinsufficiency of A20 (HA20) (Figure4A) (81).
Most patients with HA20 present with an early-onset
autoimmune/autoinflammatory phenotype, with a variety
of organ-specific features that are analogous to diseases such
as Behcet’s disease, systemic lupus erythematosus, Hashimoto’s
thyroiditis, autoimmune lymphoproliferative syndrome, and
Crohn’s disease. Many patients present with oral and genital
ulcers, which are uncommon symptoms in other monogenic
autoinflammatory diseases (82-86). There is substantial
variability in expressivity of disease even among patients with
the same genotype. Recently, large deletions on chromosome
6 encompassing up to 55 genes including TNFAIP3, were
identified in patients with systemic inflammation, psychomotor
and growth delay, and situs inversus (87, 88). The heterotaxy
(abnormal organ arrangement) was likely the consequence of the
deleted CITED2 gene (89, 90). Thus, anti-inflammatory therapy
should be considered in patients with a complex phenotype and
heterozygous genomic deletions on Chr. 6q23-q24.

HA20-associated mutations are mostly located within the
OTU domain and lead to truncated proteins of different
length, with some partial protein products stably expressed
in patient cells (91). Whether these truncated protein affect
signaling remains unclear, although a dominant negative
mode of action for these byproducts could mechanistically
explain the phenotype. In addition to germline mutations
in TNFAIP3, a low-frequency somatic mutation was reported
in two unrelated Japanese families, which is of particular
concern for genetic counseling and disease reoccurrence risk
stratification (84). Irrespective of mutation type and position,
patients with active disease have high serum levels of many
proinflammatory cytokines such as IL-18, IL-6, IL-9, IL-17, IL-
18, TNE, suggesting constitutive activation of canonical NF-kB
and NLRP3 inflammasome pathways (81, 84). Therapies with
cytokine inhibitors, such as anti-TNE, anti-IL-1, and anti-IL-6
have been successfully employed in controlling disease activity.
HSCT was curative in one reported patient (92).

Otulipenia/Otulin-Related

Autoinflammatory Syndrome (ORAS)

OTULIN is a highly conserved deubiquitinase that hydrolyzes
Metl-linked (linear) Ub chains from conjugated substrates.
OTULIN has a critical role in regulation of angiogenesis
and is required for craniofacial and neuronal development
by regulating canonical Wnt signaling (93). OTULIN also
functions as a negative regulator of the canonical NF-kB pathway
by deubiquitinating the linear ubiquitination chain assembly
complex (LUBAC) (94). LUBAC, which consists of HOIP, HOILI,
and SHARPIN, catalyzes linear ubiquitination and is essential for
NEF-kB signaling (95). Conditional knockout of Otulin in immune
lineages results in a viable but severe inflammatory phenotype in

mice with a more severe phenotype in the KO myeloid lineage
than lymphoid lineage (96).

Recessively inherited, loss of function mutations in the OTU
domain of OTULIN are associated with the early-onset severe
inflammatory disease (Figure4B) (96, 97). Patients present
with failure to thrive, recurrent fevers, rash, joint swelling,
and gastrointestinal inflammation. The cutaneous manifestations
include painful erythematous rashes, subcutaneous skin nodules,
and lipodystrophy. In one highly inflamed patient, skin biopsy
showed neutrophilic dermatitis and panniculitis. To date, three
mutations (2 missense and 1 frameshift) in five individuals from
Middle Eastern, consanguineous families, have been reported.
The phenotypic characteristics of OTULIN deficiency will
expand with increased awareness and identification of new
mutations. Pathogenic mutations affect the catalytic activity of
OTULIN thereby impairing removal of linear ubiquitination;
mutant cells accumulate linear Ub chains on various substrates
such as IKKy/NEMO, RIPK1, and ASC (97). Increased linear
ubiquitination of IKKy and RIPK1 results in constitutive
activation of the canonical NF-kB pathway. Patient-derived
immune cells produce higher levels of many proinflammatory
cytokines that are secreted both by myeloid cells and T cells,
such as IL-17 and IFNy. Therapy with TNF inhibitors has
been very effective in suppressing systemic inflammation and
in improving growth and development. Hematopoietic stem
cell transplantation (HSCT) may also hypothetically rescue the
hematological phenotype although it has not been attempted due
to the favorable response to treatment with TNF-inhibitors.

Receptor Interacting Protein Kinase 1
(RIPK1)-Associated Immunodeficiency and

Autoinflammation

Receptor Interacting Protein Kinase 1 (RIPK1) is a widely
expressed serine/threonine kinase that regulates TNFR (TNF
receptor) signaling and cell death pathways (98). RIPK1 plays an
important role in the regulation of immune responses through its
dual functions either in activating NF-kB signaling or initiating
cell death programs. RIPK1 serves as a scaffold in plasma
membrane-associated protein complexes that transmit signals
from TNFR1, TLR2, and TLR4 cell surface receptors. Stimulation
of these receptors activates the canonical NF-kB pathway, MAPK,
and pro-survival genes. Cytoplasmic RIPKI kinase activity
is important for initiation of cell death signaling pathways,
apoptosis and necroptosis (99, 100). RIPK1 kinase activity acts
primarily in initiating necroptosis, a caspase-independent form
of cell death, through auto-phosphorylation, which triggers a
protein interaction cascade. During necroptosis, the plasma
membrane permeabilizes, releasing damage associated molecular
patterns (DAMPs) that can in turn lead to a prolonged
immune response. RIPK1 has been extensively studied in murine
models, with knockout mice displaying postnatal lethality due
to systemic inflammation and increased cell death (101, 102).
Inhibition of RIPK1 kinase activity using necroptosis inhibitors,
necrostatin-1 and its analogs, can ameliorate a variety of mouse
models of disease, including septic shock, myocardial infarction,
and amyotrophic lateral sclerosis, along with inflammatory
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FIGURE 4 | Autoinflammatory diseases due to dysregulation in post-translational modification. HA20 (A), Otulipenia (B), and RIPK1 deficiency (C) syndromes.

phenotypes such as rheumatoid arthritis and ulcerative colitis
implicating necroptosis as a major contributor in disease
pathogenesis (103).

Recently, four patients with severe immunodeficiency, gut
inflammation, and progressive polyarthritis were identified with
RIPKI1 homozygous loss of function alleles (Figure 4C) (104).
The disease causing variants are small nucleotide deletions in
the N-terminal kinase domain that lead to frameshift and loss
of a substantial portion of the protein. The autoinflammatory
phenotypic features consists of a GI inflammation with variable
onset and severity, which suggests that environmental factors
may modulate the disease expressivity. The four described
patients suffered from recurrent infections, mostly viral but some
bacterial and fungal infection. Immunophenotyping revealed
lymphopenia, most prominently of CD4+ T cells, with one
patient demonstrating low antibody titers and another with
low serum immunoglobulins (IgG, IgM, IgA). RIPK1-deficient
patient fibroblasts stimulated with TNF exhibit impaired
MAPK activation, reduced cytokine production and decreased
cell viability consistent with the immunodeficient phenotype.
Similar to fibroblasts, LPS-stimulated patient monocytes showed
decreased production of proinflammatory cytokines including
IL-6, IL-12, and TNF however, they secreted high levels of IL-1f.
Cell death in cultured fibroblasts was predominantly mediated
by necroptosis as apoptosis inhibitors were unable to reduce cell
death. Although the mechanism of inflammation in humans, like
mice, is due to increased cell death via necroptosis, the absence
of immunodeficiency in Ripkl ~/~ mice and the viability of null
alleles in humans, hints at a unique role for necroptosis specific
to human immune cells.

This disease phenotype is fairly severe and with high mortality.
As IL-1p likely contributes to both IBD and arthritis in these
patients, anti-IL-1 therapy may be considered to suppress the
inflammatory component of the disease although none of the
reported patients received targeted IL-1 inhibitors. Three of
the patients with RIPK1 deficiency underwent HSCT, two died
shortly after transplant due to infectious causes.

NUCLEIC ACID REGULATION IN
AUTOINFLAMMATORY DISEASE

Adenosine Deaminase 2 Gene (ADA2)

Deficiency

Adenosine deaminase (ADA) is an aminohydrolase that regulates
purine metabolism and adenosine homeostasis by catalyzing
the deamination of adenosine (Ado) and 2’-deoxyadenosine
(dAdo) into inosine and deoxyinosine, respectively. Extracellular
levels of adenosine increase during hypoxia and tissue injury
and can lead to persistent inflammation through activation of
adenosine receptors (AdoR) (105). In humans, there are two
isoenzymes encoded by different genes, ADAI (also known as
ADO) and ADA2 (also known as CECRI) that have different
enzymatic properties. ADA2 has a 100-fold higher Michaelis-
Menton constant for adenosine (K, = 2mM) than ADA1 and
is not essential for intracellular deaminase activity. ADA2 is a
secreted protein and under physiological conditions is present in
low levels in plasma. In addition, ADA2 shares homology with
adenosine deaminase growth factors (ADGFs) that have been
shown to play a role in development (106). ADA1 and 2 are
both highly expressed in immune cells and are critical for the
development of the immune system. ADA1 is predominantly
expressed in lymphocytes, while ADA2 is secreted by activated
myeloid cells (107).

The first human disease linked to a defect in ADA1 function
was severe combined immunodeficiency. A complete deficiency
of ADAL is fatal early in life, while patients with partial
ADA1 deficiency present with milder clinical symptoms,
later in childhood. In the absence of ADA1, deoxyadenosine
nucleotides accumulate in lymphocytes and are toxic resulting
in T-B-NK- SCID (108). Deficiency of adenosine deaminase
type 2 (DADA2) is a recessively inherited disease manifesting
with fevers, vasculitis, livedo racemosa, early-onset ischemic
stroke, liver disease, and mild immunodeficiency (Figure 5)
(109, 110). The vasculopathy/vasculitis associated with DADA2
predominantly affects small- and medium-sized arteries
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with histologic findings consistent with necrotizing ANCA-
negative vasculitis or polyarteritis nodosa (109, 111). Livedo
racemosa is the most common skin manifestation, and it can be
complicated by skin ulcerations, distal arterial occlusion, and
sometimes digital necrosis (112). Neurological manifestations
result from lacunar ischemic infarcts in the deep-brain nuclei,
midbrain, and/or brainstem. Some patients were reported with
intracerebral hemorrhage as the first disease manifestation
(111, 113). Hematological manifestations were not appreciated
initially, however it has become evident that some patients
present with hypocellular bone marrow (114-116). Their
clinical presentations include aplastic anemia, pure red cell
aplasia, lymphopenia, neutropenia, thrombocytopenia, and
hypogammaglobilinemia, in particular low IgG and IgM
levels. Immunodeficiency is generally milder than in patients
with ADA1 deficiency, and resembles common variable
immunodeficiency (115). Lymphoproliferative features are
also in the spectrum of DADA2 hematopoietic manifestations
(117, 118). Autoimmune findings in DADA2 have been
found in a small subset of patients, and manifest as autoimmune
cytopenias, transiently positive lupus anticoagulant, and systemic
lupus. This is consistent with increased type 1 interferon (IFN)
gene expression signature in blood samples of patients with
DADA2 (119, 120).

To date, there are more than 170 patients diagnosed with
DADA2 described from all over the world (121-123). Many
DADA2-associated mutations are present at a low frequency
in the general population and it is possible that the disease is
still underdiagnosed. In addition to standard genetic testing by
sequencing, DADA2 can be diagnosed by measuring plasma or
serum ADA2 activity. ADA2 activity testing is recommended
to confirm the pathogenicity of novel variants identified by
sequencing. The molecular mechanisms by which mutations in

ADA? lead to disease are still largely unknown. Proinflammatory
cytokines have been identified in skin biopsies and blood
samples of DADA2 patients however, the function of ADA2
in differentiation of hematopoietic and endothelial cells has
not been comprehensively investigated. Deficiency of ADA2
is associated with monocyte-macrophage polarization toward
the M1 subset, and M1 macrophages are known to promote
inflammation, although it is not clear if this is directly dependent
on adenosine, aminohydrolase catalytic activity on a novel
substrate, growth factor function, or another as yet unidentified
mechanism.

Primary treatment of DADA?2 relies on anti-TNF agents in
patients with a mostly inflammatory phenotype, while patients
with bone marrow failure may require HSCT (124, 125).
Identification of patients with ADA1-SCID and DADA2 has
helped identify unexpected roles for adenosine as a key molecule
in the regulation of immune physiology.

Interferonopathies

Interferonopathies are a group of systemic inflammatory
diseases with continuum of features of autoinflammation and
autoimmunity. The underlying mechanism of inflammation
in monogenic interferonopathies is a defect in sensing and
degradation of nucleic acids leading to constitutive activation
of innate immune responses (126, 127). These disorders show a
striking resemblance to congenital viral infections although occur
in the absence of any identified pathogen.

Two of the best studied diseases are Aicardi-Goutiéres
syndrome (AGS) and stimulator of interferon genes (STING)-
associated vasculopathy with onset in infancy (SAVI). AGS
is a heterogenous early-onset disorder manifesting with basal
ganglia calcifications, encephalopathy, neurological impairments
and other features of autoimmunity. Disease-associated
mutations have been identified in genes that either impact
nucleic acid degradation (TREXI, SAMHDI, RNASEH2A,
RNASEH2B, RNASEH2C, DNASE2), or sensing of nucleic acids
(IFIH1/MDAS5) or RNA editing (ADAR) and result in activation
of the type I interferon pathway. Patients with SAVI have
gain-of-function mutations in TMEM173, which encodes the
STING protein, and they present with prominent skin lesions,
small vessel vasculitis, peripheral amputations, and interstitial
lung disease. STING is an endoplasmic transmembrane protein
that functions as an indirect sensor of endogenous or pathogen-
derived cytosolic dsDNA (128). Upon binding to cGAMP,
which is generated by the sensing receptor cGAS, STING
activates IRF3, a transcription factor for type 1 interferon
and related genes. Production of type 1 interferon cytokines
results in an amplification loop that can be blocked by JAK
inhibitors providing further insights into the mechanism of
pathogenesis (129). Type I interferonopathies mechanisms,
disease manifestations, and treatment have been reviewed in
great detail elsewhere (127, 130).

CONCLUSIONS

The disorders discussed in this review exemplify how
unbiased identification of mutated genes in patients with rare
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autoinflammatory diseases has uncovered novel mechanisms
governing innate immune responses. Collectively, these findings
point to previously unrecognized functions for these genes and
their associated pathways. These atypical autoinflammatory
genes not only help identify unique pathways regulating
inflammatory pathways, but also illuminate shared features
with other disorders based on treatment response and clinical
manifestations (Figure 6). It is unclear whether these genes
have a specific function in immune system regulation or if the
relatively specific immune phenotypes are due to particular
sensitivity of the immune system to disruption in basic cell
machinery and metabolism. Furthermore, unlike disruption of
canonical autoinflammatory pathways, mutations in many of
these genes can result in concomitant overactivity of the innate
immune system (autoinflammation) and of the adaptive immune
system (autoimmunity) and be accompanied with ineffective
immune responses (immunodeficiency). This provides evidence
for cell-specific function of these enzymes in the regulation of
metabolic and immune signaling pathways. Besides targeted
anti-cytokine therapies, hematopoietic stem cell transplantation
has been attempted in some patients refractory to conventional
treatments, and can cure hematological and immunological

manifestations. Like with other metabolic disorders, early
diagnosis and treatment is critical for preventing disease
complications. Unbiased genetic sequencing of patients with
early-onset immune dysregulation disorders will continue to
identify novel disease-causing genes and further delineate the
molecular mechanisms governing inflammation in humans.
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Synonymous with secondary hemophagocytic lymphohistiocytosis, macrophage
activation syndrome (MAS) is a term used by rheumatologists to describe a potentially
life-threatening complication of systemic inflammatory disorders, most commonly
systemic juvenile idiopathic arthritis (sdIA) and systemic lupus erythematosus (SLE).
Clinical and laboratory features of MAS include sustained fever, hyperferritinemia,
pancytopenia, fibrinolytic coagulopathy, and liver dysfunction. Soluble interleukin-2
receptor alpha chain (sCD25) and sCD163 may be elevated, and histopathology often
reveals characteristic increased hemophagocytic activity in the bone marrow (and other
tissues), with positive CD163 (histiocyte) staining. A common hypothesis as to the
pathophysiology of many cases of MAS proposes a defect in lymphocyte cytolytic
activity. Specific heterozygous gene mutations in familial HLH-associated cytolytic
pathway genes (e.g., PRF1, UNC13D) have been linked to a substantial subset of
MAS patients. In addition, the pro-inflammatory cytokine environment, particularly IL-6,
has been shown to decrease NK cell cytolytic function. The inability of NK cells and
cytolytic CD8T cells to lyse infected and otherwise activated antigen presenting cells
results in prolonged cell-to-cell (innate and adaptive immune cells) interactions and
amplification of a pro-inflammatory cytokine cascade. The cytokine storm results in
activation of macrophages, causing hemophagocytosis, as well as contributing to multi-
organ dysfunction. In addition to macrophages, dendritic cells likely play a critical role
in antigen presentation to cytolytic lymphocytes, as well as contributing to cytokine
expression. Several cytokines, including tumor necrosis factor, interferon-gamma, and
numerous interleukins (i.e., IL-1, IL-6, IL-18, IL-33), have been implicated in the cytokine
cascade. In addition to broadly immunosuppressive therapies, novel cytokine targeted
treatments are being explored to dampen the overly active immune response that is
responsible for much of the pathology seen in MAS.

Keywords: macrophage activation syndrome, hemophagocytic lymphohistiocytosis, cytokine storm, IL-1, IL-6,
IL-18, NK cell, anakinra

INTRODUCTION

Synonymous with secondary hemophagocytic lymphohistiocytosis (HLH), macrophage activation
syndrome (MAS) is a term used by rheumatologists to describe a potentially life-threatening
complication of systemic inflammatory disorders, most commonly systemic juvenile idiopathic
arthritis (sJIA) and its adult equivalent, adult onset Still disease. This syndrome was first reported in
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juvenile rheumatoid arthritis (JRA) patients [now termed
juvenile idiopathic arthritis (JIA)] with enlarged Kupffer cells
(i.e., stellate macrophages in the liver) who concomitantly
suffered from strikingly low counts of white blood cells
and unusually low erythrocyte sedimentation rates (ESR)
(1). Subsequent literature described the presence of activated
macrophages and hemophagocytic histiocytes in patients with
rheumatic disease, termed reactive hemophagocytic syndrome
and now known as MAS (2-4).

A majority of clinical data available involves MAS as a
complication of sJIA. The prevalence of fulminant MAS in
patients with sJIA is reported to be about 10%; however,
subclinical MAS may be present in as many as 30% of children
with known or suspected sJIA (5-8). As MAS becomes more
clinically recognized, an increasing frequency of occurrence
in other systemic inflammatory disorders [i.e., systemic lupus
erythematosus (SLE), Kawasaki disease, and periodic fever
syndromes] has been reported (9-11). While MAS is known to
complicate a variety of inflammatory conditions, including but
not limited to malignancy, infection (i.e., Epstein-Barr virus), and
primary immunodeficiencies, it is most commonly reported as
a well-recognized complication of sJIA, and therefore, much of
the understanding of the genetics, pathology, and subsequently
immunology is derived from this specific cohort (12).

Early recognition of MAS remains diagnostically challenging
as there is no diagnostic test or even a set of disease uniform
diagnostic criteria to differentiate MAS from the underlying
systemic inflammatory condition. Clinical and laboratory
features of MAS include sustained fever, hyperferritinemia,
pancytopenia, fibrinolytic consumptive coagulopathy, and liver
dysfunction. In 2016, an expert consensus panel published a
set of validated diagnostic criteria to help distinguish a sJIA
flare from MAS. The final MAS criteria for children with
sJIA proved to be both sensitive (0.73) and specific (0.99).
The diagnosis of MAS can be made in a febrile patient with
sJIA, or suspected sJIA, who has a serum ferritin level >
684 ng/ml plus any 2 of the following: platelet count < 181
x 109/1, aspartate aminotransferase > 48 units/l, triglyceride
concentration > 156 mg/dl, or fibrinogen <360 mg/dl (5, 6).
These relatively few total criteria are routinely readily available
and timely. To date, these criteria have yet to prove diagnostic in
other autoimmune diseases and remain limited to children with
known or suspected sJIA, with the possible exception of adult
onset Still disease (13).

The clinical similarity of MAS and secondary HLH has led
some clinicians to use the longer-standing HLH-2004 diagnostic
guidelines, which require five of the following eight criteria to
be met for diagnosis: fever, splenomegaly, cytopenias (affecting
> 2 of 3: hemoglobin < 90 g/l, platelets < 100 x 109/],
neutrophils < 1.0 x 109/1), hypertriglyceridemia (>265 mg/dl)
and/or hypofibrinogenemia (<1.5 g/l), hemophagocytosis in
bone marrow or spleen or lymph nodes, low or absent natural
killer (NK) cell activity, ferritin > 500 jg/l, and sCD25 > 2,400
units/ml (14). Using this strict set of criteria may delay diagnosis
in patients with a less severe initial presentation.

Hemophagocytosis is defined as the engulfment of blood
cells, including red blood cells (RBC), white blood cells, or

platelets by phagocytic cells (Figure 1). Hemophagocytosis by
macrophages has been widely associated with the development
of MAS in patients with sJIA and other rheumatologic
diseases (15-17). Histopathology often reveals characteristic
increased hemophagocytic activity in the bone marrow, liver,
and spleen with positive CD163 (histiocyte) staining, although
hemophagocytosis may not be present in initial stages and is
neither sensitive nor specific for MAS (18-20). Detection of
hemophagocytosis using serum laboratory tests includes soluble
interleukin 2 receptor alpha chain (sCD25) and soluble CD163
(sCD163), a high affinity scavenger receptor for hemoglobin-
haptoglobin complexes (Figure1), both of which may be
elevated, thereby suggesting sCD25 and sCD163 to be more
sensitive in detection of MAS. These tests are only performed
at select sites, making them costly with a long turnaround time
for results thus leading to a delay in diagnosis and ultimately
treatment (18). If inadequately treated, MAS can result in multi-
organ failure and death. In the absence of universal diagnostic
criteria or a gold-standard laboratory test, understanding the
immune mechanisms of MAS may lead to more prompt
recognition and target-specific therapies.

CYTOLYTIC CELL DYSFUNCTION IN MAS

MAS shares many etiologic similarities with familial HLH
(fHLH), also referred to as primary HLH, not the least of
which is the increased prevalence of heterozygous mutations in
known fHLH genes that are now being increasingly recognized
in MAS patients. fHLH is a severe form of cytokine storm
syndrome occurring in infancy, typically within the first few
days to months of life. fHLH is a result of homozygous,
or compound heterozygous, mutations in genes involved in
the perforin-mediated pathway of cytolysis shared by NK
cells (innate immunity) and cytotoxic CD8T cells (adaptive
immunity) (21).

The first gene recognized to contribute to fHLH was PRFI
which gives rise to perforin (22). Homozygous defects in PRFI
were identified in several families with fHLH (23). Normally,
perforin is packaged into cytolytic granules and upon NK cell
or CD8T cell activation is trafficked along the actin cytoskeleton
to the immunologic synapse between the cytolytic lymphocyte
and the antigen presenting cell (APC) or target cell (24). A
variety of fHLH genes are involved in trafficking and docking
of the cytolytic granules, including LYST, RAB27A, UNCI3D,
STXBP2, STXI11, and others, to the cell membrane (Table 1).
The polarized granules then allow release of perforin into the
synapse to form a pore between the lytic cell and the target
cell. Granzyme B, which is co-packaged with perforin, is then
delivered to the target cell, resulting in apoptotic cell death.
Homozygous disruption of any of the critical genes involved
in this process of perforin-mediated cytolysis (Table 1) results
in fHLH, occurring in about 1 in 50,000 live births and often
associated with an infectious trigger. The inability to lyse the
infected APC results in a prolonged interaction between the
cytolytic lymphocyte and the APC yielding a pro-inflammatory
cytokine storm believed to be responsible for the clinical features
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FIGURE 1 | Pathways regulating macrophage function in MAS. 1. IFNy binds the IFNy receptor (IFNGR) and subsequently induces the phosphorylation of STAT1 by
JAK1/2 in the cytoplasm. STAT1 dimer then binds to y-interferon activation site (GAS) and enhances the transcription of interferon-stimulated genes (ISG), such as
interferon regulatory factor 1 (IRF1). 2. STAT1 activation by IFNy also induces macropinocytosis leading to the engulfment and degradation of red blood cells (RBC) in
a process known as hemophagocytosis. 3. Hemophagocytosis is also mediated by the uptake of hemoglobin (Hb)-heptaglobin complex by CD163. The
Hb-heptaglobin complex is degraded in the lysosome followed by catalysis of heme by heme oxygenase-1 (HO-1) to carbon dioxide (CO), bilverdin, and iron (Fe2+).
Bilverdin is then converted to bilirubin by bilverdin reductase, and iron is bound to ferritin. 4. This process also leads to the production of IL-10 that through binding to
IL-10 receptor induces STAT3 phosphorylation and the production of anti-inflammatory cytokines that counteract IFNy signaling. 5. In a mouse model of MAS, serial
injections of CpG induce the activation of toll-like receptor 9 (TLR9) in the macrophage endosome leading to the production of pro-inflammatory cytokines in a MyD88
and NFkB dependent manner.

of fHLH (31). Human fHLH has been modeled in PRFI deficient
mice infected with LCMYV, and both CD8 T cells and interferon-

TABLE 1 | Cytolytic pathway genes associated with HLH and MAS.

gamma (IFNY), a cytokine known to be the main driver of anemia Gene Protein Function
in models of fHLH and fulminant MAS (32, 33), were found tobe  ppgy Perforin Pore formation (23)
critically important mediators of mouse mortality (34). IFNyand  ync1sp Munc13-4 Vesicle priming (25)
its downstream JAK pathways are both considered as possible  g7x77 Syntaxin 11 Vesicle docking (26)
targets for therapy in man (Table 2). IL-33, a member of the IL-1  g7xgp2 Munci8-2 Vesicle membrane fusing (27)
family of cytokines, may also play a role in T cell hyperactivation ;ysy Lysosomal trafficking regulator Vesicle sorting (28)
during HLH (Table 2) (42). RAB27A Rab27a Vesicle fusing (29)
MAS or secondary HLH is much more common than  sps3g; AP-3 Vesicle trafficking (30)

fHLH and occurs in children and adults (44). Interestingly,
heterozygous mutations in fHLH genes may be found in

upwards of 40% of individuals with secondary HLH and
MAS (45, 46). Some of these mutations are hypomorphic in
nature, even those identified in genetic regulatory regions (47,
48), and others have dominant-negative effects (49, 50). Like
in fHLH, these heterozygous gene mutations alter cytolytic
function in NK cells, and presumably CD8T cells as well.

A combination of a chronic inflammatory state, such as in
sJIA or SLE, with a genetic predisposition, and/or a triggering
infection may result in fatal MAS or sHLH. Examples of this
include identification of heterozygous fHLH gene mutations in
patients with fatal influenza (HIN1) infections and associated
hemophagocytosis (51), and increased percentages of PRFI and
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TABLE 2 | MAS therapies directed at cytokine blockade and disruption of cell-cell
interactions.

Reported Therapeutic mechanism Example

cytokine target

IL-1 IL-1 receptor antagonist Anakinra, canakinumab (35)
IL-6 Anti-IL-6R monoclonal Ab Tocilizumab (36, 37)

IL-18 IL-18 binding protein Not commercially available (38)
CD28 CTLA4-Ig Abatacept (39)

JAK1/2 JAK inhibitor Tofacitinib (40)

Theoretical Proposed mechanism Example

cytokine target

IL-10 Recombinant IL-10 protein ~ None available (41)

IL-33 Anti-IL-33R monoclonal Ab  None available (42)

IFNy Anti-IFNy monoclonal Ab None available (34, 43)

TNF, tumor necrosis factor; Ab, antibody; IL, interleukin; R, receptor; CTLA, cytotoxic
T-lymphocyte-associated protein 4, Ig, immunoglobulin; JAK, Janus kinase; IFNy,
interferon-gamma.

UNCI3D heterozygous mutations in cohorts of sJIA patients
who develop MAS (52, 53). This has led investigators to propose
a threshold model of MAS, in which combinations of genetic
predisposition, an underlying inflammatory state, and triggering
infectious agents, results in a clinically relevant cytokine storm
syndrome (54). Thus, genetic defects in cytolytic lymphocytes of
the innate (NK cells) and adaptive (CD8T cells) immune system
can contribute to MAS. Moreover, there are other mechanisms by
which MAS can be triggered by genetic mutations that directly
affect cells (e.g., macrophages and dendritic cells) of the innate
immune system through altering cytokine production via the
inflammasome complex (55).

MACROPHAGES IN MAS

As the name implies, macrophage activation is a definitive
characteristic of MAS (Figure 1). The role of macrophages
in MAS has been largely established through their mediation
of hemophagocytosis and hypercytokinemia. However, their
potential role in dampening an overly exuberant immune
response has also been suggested (56).

Hemophagocytosis

Despite the reported increase in hemophagocytic macrophages
in the bone marrow and liver of sJIA and MAS patients, there are
conflicting reports on the role of hemophagocytic macrophages
in disease pathology induction. Several studies have shown
that hemophagocytic macrophages induce pathogenesis. The
cause of red blood cell (RBC) destruction in hemophagocytic
syndromes is largely attributed to activated macrophages. In
a model of autoimmune hemolytic anemia, treatment with
liposomal chlodronate increased RBC counts by blocking the
ability of macrophages to phagocytose RBC (57). Interestingly,
hemophagocytosis was induced in macrophages treated with
IFNy (58). In addition, hemophagocytosis did not develop
in two HLH patients with IFNy receptor deficiency (59).
Hemophagocytic macrophages were also found to produce the

pro-inflammatory cytokine tumor necrosis factor (TNF) in the
liver biopsy of MAS patients (60). Since both IFNy and TNF are
key cytokines for the polarization of classically activated or pro-
inflammatory M1 macrophages (61, 62), these findings suggest
that hemophagocytic macrophages in MAS could have an M1
phenotype.

The identification of hemophagocytic macrophages in bone-
marrow aspirates and liver biopsies of MAS patients largely
relies on histochemical analysis of CD163 staining. CD163
is an exclusive marker of cells of the monocyte/macrophage
lineage. It is often expressed in activated macrophages but is not
restricted to hemophagocytic macrophages (63). As previously
mentioned, CD163 is a hemoglobin scavenger receptor that
mediates the endocytosis of haptoglobin-hemoglobin complexes
(64). Avcin et al. reported the increased frequency of CD163"
hemophagocytic macrophages in three MAS patients who
developed SLE, sJIA, and Kawasaki disease (65), suggesting
that CD163 could be a diagnostic marker in MAS. In contrast,
Behrens et al. demonstrated that CD163 expression was
increased in the bone-marrow aspirates of 15 sJIA patients, of
which two patients were diagnosed clinically with overt MAS,
thereby suggesting that this increase is not exclusive to MAS
patients. Interestingly, activated or hemophagocytic CD163%
macrophages within the bone-marrow aspirates preceded the
development of full-blown MAS, thus supporting the hypothesis
that occult MAS could precede clinical MAS in sJIA patients (8).
These findings further suggest that MAS and sJIA disease flare
may be two ends of the same spectrum with MAS at the most
extreme (66).

Since CD163 expression is increased during active sJIA, the
ability of activated macrophages to shed this protein (67, 68) led
to further speculations on the use of soluble CD163 (sCD163)
as a diagnostic marker of macrophage activation. Several studies
have reported that sCD163 is increased in the serum of sJIA
patients and correlates with an increase in sCD25 and ferritin and
with low platelet counts at disease peak (18, 69). Sakumura et al.
reported increased levels of serum sCD163 in patients diagnosed
with confirmed sJIA and MAS compared to patients with acute
sJIA in the absence of MAS, suggesting a correlation between
sCD163 levels and clinical MAS (70). Serum sCD163 shows
promise as a diagnostic biomarker for MAS, although additional
studies are needed to determine clinical significance.

In contrast to these findings, other studies have suggested
that hemophagocytic macrophages have an M2 phenotype.
Infusion of the M2-driving cytokine IL-4 with a micro-
pump induced hemophagocytosis by macrophages. Surprisingly,
hemophagocytosis was not inhibited by IFNy blockade, and
macrophages in IL-4 infused mice expressed arginase-1, a
classical marker of M2 macrophages (71). Similarly, other reports
have shown that CD163" macrophages have anti-inflammatory
M2 properties. The anti-inflammatory cytokine IL-10 was
found to upregulate the expression of CD163 expression on
macrophages (72). In addition, CD163" macrophages are
thought to play a protective role during inflammation due
to their ability to clear free-hemoglobin (Hgb). Free Hgb
binds to haptoglobin, which is then engulfed by macrophages
through CD163-mediated endocytosis. This subsequently leads
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to the production of the anti-inflammatory agents, interleukin-10
(IL-10) and heme oxygenase (HO-1), by macrophages (73, 74)
(Figure 1). HO-1 may also have anti-inflammatory effects by
mediating the catabolism of heme to carbon monoxide (CO)
and free iron (Fet) (Figure 1). Interestingly, in in vitro studies
macrophages exposed to CO prior to lipopolysaccharide (LPS)
stimulation have enhanced production of IL-10 and inhibited
production of TNF (75) (Figure 1).

Similarly, ferritin is also considered to be cytoprotective
through its ability to sequester free Fe?*, therefore decreasing
endothelial apoptosis mediated by increased oxidative stress (76)
(Figure 1). Moreover, studies in animal models of MAS favor the
anti-inflammatory role of IL-10, since blockade of IL-10 in mice
treated with serial injections of CpG worsen disease and induce
symptoms of fulminant MAS (33, 41). Overall, these findings
suggest that the increased numbers of CD163" hemophagocytic
macrophages and ferritin in MAS may be a compensatory
mechanism rather than a cause of disease pathology in MAS.

In summary, the macrophage phenotype resides along a
spectrum, due in part to the plasticity of macrophages. There
are constant functional changes that occur in macrophages
in response to changing stimuli during the progression of
inflammation (77). In this line, the pro-inflammatory M1 and
anti-inflammatory M2 phenotypes are considered to be two
extremes of a continuous spectrum of various phenotypes
that are finely tuned in response to external stimuli (78, 79).
The degree of macrophage activation in MAS may therefore
be reflective of the heterogeneity of macrophages within the
inflammatory environment. Hemophagocytosis occurs in later
stages of MAS and is only found in about 60% of HLH and
MAS patient biopsies (80). This suggests that as the disease
progresses, macrophages may switch from a pro-inflammatory
to an anti-inflammatory phenotype, thereby balancing the
extremely hyperactive inflammatory environment in patients
with fulminant disease. Further investigations are needed to
determine the role of hemophagocytic macrophages in the setting
of MAS.

Hypercytokinemia
The acute phase of MAS is often associated with markedly
elevated levels of pro-inflammatory cytokines. This cytokine
storm triggers a cascade of inflammatory pathways that, if
untreated, leads to tissue damage and death (81). The working
hypothesis suggests macrophages/monocytes produce a cocktail
of cytokines, notably TNF and various interleukins (i.e., IL-6,
IL-1B, and IL-18), which triggers a cascade of inflammatory
pathways and ultimately creating a cytokine storm (Figure 1).
TNF is a pro-inflammatory cytokine that drives macrophage
polarization toward the M1-end of the spectrum. This cytokine
has been described as being an anti-M2 factor due to its ability to
inhibit STAT6-dependent M2 gene expression in tumor models
(62, 82), therefore, favoring macrophage polarization of the M1
phenotype. Macrophages are also thought to be the main source
of TNF in MAS.

In situ expression of TNF by hemophagocytic macrophages
was reported in the liver of MAS patients (60). Elevated levels
of TNF have been found in patients with other rheumatic

diseases [i.e., rheumatoid arthritis (RA)], making it a prime target
for treatment. Anti-TNF biologics are a class of medications
that target TNF directly as monoclonal antibodies or the TNF
receptor to block the cytokine cascade and successfully modify
disease activity in a milieu of rheumatic diseases (e.g., RA,
JIA, uveitis) (83, 84). While successful treatment of MAS with
etanercept, a TNF receptor antagonist, has been reported (85)
(Table 2) other studies have shown that it may trigger or worsen
disease progression (86, 87). Thus, the role of TNF and its
blockade in MAS remains unclear.

Like TNF, IL-6 producing macrophages have been found
in the liver of MAS patients (60). Increased levels of IL-6
have also been reported in the serum of sJIA and in sepsis
patients (88-90). Despite the association of IL-6 levels and
MAS, the role of IL-6 in the pathogenesis of disease is not
well-understood. It remains unknown whether macrophages are
the main cellular sources of IL-6 in MAS patients. A recent
study by Norelli et al. demonstrated that human monocytes are
the primary producers of IL-1f and IL-6 in cytokine release
syndrome and that ablation of monocytes could be protective
(91) (Table 2). In contrast, IL-6 in combination with GM-CSF
drives the differentiation of suppressive monocytic myeloid-
derived suppressor cells (M-MDSC) in bone marrow (92).

Tocilizumab is a monoclonal antibody targeting the IL-6
receptor and is approved for use in RA, giant cell arteritis,
polyarticular JIA, and sJIA (93). Despite its success in treating
acute sJIA, patients with sJIA treated with tocilizumab remain
at risk for MAS, arguing that IL-6 blockade alone is insufficient
to control the inflammatory cascade (36, 94, 95). These patients
tended to be afebrile and had lower cell counts and ferritin
levels with higher liver enzymes (94, 96). The mechanism of IL-
6 in the pathogenesis of MAS remains controversial. IL-6 likely
contributes to the cytokine storm, but its role in clinical disease
manifestations of MAS is limited, thus making it a questionable
target for therapy.

As members of the IL-1 family of cytokines, IL-1p and
IL-18 are potent inducers of IL-6 production in monocytes
and macrophages (97, 98). Levels of IL-18 and IL-18 are
markedly increased in patients with active sJIA and MAS
(99-103). Anakinra is a recombinant IL-1 receptor antagonist
used off-label in patients with sJIA and less commonly in
patients with MAS, either in combination with sJIA or
secondary other etiology (35, 104, 105). Efficacy data in the
treatment of MAS with anakinra is limited to case reports
and series, but many patients achieve disease remission with
normalization of lab abnormalities and fever despite prior
poor response to more traditional therapies (Table2) (105,
106).

Canakinumab is a monoclonal antibody that specifically
targets the IL-1p cytokine and a common treatment target in
patients with sJIA. Patients with sJIA treated with canakinumab
also remain at risk for MAS, suggesting that IL-18 is not the
sole contributor to the pathogenesis of MAS (96). In comparison,
IL-1o also signals via the IL-1 receptor (107). By blocking
the receptor with anakinra, both IL-1o and IL-1 signals are
dampened. While the importance of IL-18 in sJIA is widely
accepted, IL-la may be more important in stimulating the
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cytokine cascade in patients with MAS. Further research is
needed to determine the efficacy of IL-1 blockade in treating MAS
in non-sJIA patients.

Like many cytokines, the source(s) of IL-1 during MAS is
unclear. Gene expression analysis of immune cells and murine
tissues suggest that neutrophils may be better producers of
IL-1f than monocytes, while an IL-1 family member, IL-18,
may be largely produced by epithelial cells (108). Free IL-18
was shown to be highly elevated in the serum of MAS patients
compared to patients with sJIA flare without MAS or familial
HLH. In agreement with these findings, blockade of IL-18
receptor reduced inflammation in a murine model of MAS
induced by repeated CpG injections (109). In addition, IL-18
inhibition with recombinant human IL-18 binding protein
(IL-18BP) in combination with anakinra successfully improved
life-threatening hyperinflammation in a patient with a dominant
heterozygous mutation in NLRC4 (Table 2) (38). NLRC4 triggers
the inflammasome, an innate immune complex that responds
via caspase-1 activation and IL-1p and IL-18 secretion. Gain
of function mutations, as seen in Familial Mediterranean Fever
(FME), result in hyperactivation of the NLRC4 inflammasone
which can in turn result in MAS (102, 110). Adjunct therapy with
mTOR inhibition (i.e., rapamycin) was reported in an infant with
MAS refractory to anakinra and corticosteroids found to have an
NLRC4 mutation (111).

Elevated free IL-18 may aid in the diagnosis of MAS, and
as such, IL-18 blockade may be an effective cytokine-directed
therapy in some forms of MAS. Of note, IL-18BP is not
commercially available in the United States but has been used
compassionately (38).

Hypercytokinemia correlates with a worse prognosis and is
considered by many to be the main driver of disease pathology
and subsequently the morbidity and mortality associated with
MAS (112). Since macrophage activation appears to trigger
the cytokine cascade in MAS (8), a solid understanding of
the immunology and pathogenesis is critical to target-specific
therapy. Known inducers of macrophage activation include toll-
like receptor (TLR) ligands and cytokines (62, 77, 113) (Figure 1).
The type of TLR stimuli and cytokines in the inflammatory milieu
define the genetic programs, either pro- or anti-inflammatory
adopted by macrophages in response to inflammatory stimuli
(79).

Emerging studies in sJIA patients and in animal models of
cytokine storm syndromes suggest TLR stimulation regulates
cytokine activity via monocyte response. Gene expression
analysis of Peripheral blood mononuclear cells (PBMC) from
sJIA patients revealed an increased TLR/IL-1R signature and
TLR2 expression (99, 114). Ablation of the TLR/IL-1R adaptor
molecule Myd88 (115-117) reversed disease pathophysiology
in models of fHLH (42, 118). Unlike fHLH, which typically
presents in infancy due to one of many autosomal recessive gene
mutations, MAS occurs across all ages and may present in the
absence of a known pathogen or trigger. Two murine models
were developed to better understand the role of TLR stimulation
in MAS. Murine models show that repeated stimulation of
TLR9 with CpG results in clinical MAS (41). In this model,
monocytes were the main cells responsive to TLR9 stimulation

which induced production of IL-12 (33). Further, IL-10 proved
to be protective since blockade of IL-10R lead to fulminant MAS
(Table 2) (33, 41). In a second model of MAS, TLR4 stimulation
with LPS was shown to induce clinical symptoms consistent with
MAS in IL-6 transgenic mice (119). These findings shed light
on the combinatorial effect of TLR ligands and cytokines in the
induction of pathogenesis in MAS.

DENDRITIC CELLS IN MAS

The role of dendritic cells (DC) in disease pathogenesis is largely
mediated by the ability of these cells to present antigen to T cells
(120). Most of our knowledge of the role of DC in MAS originates
from studies in murine models of fHLH. Similar to patients with
fHLH, impaired NK cell degranulation resulting from mutations
in PRF1, UNCI13D, STXBP2, and RAB27A has been reported in
patients with MAS (45, 48, 121-123).

The current view on the contribution of DC to disease
pathogenesis HLH, arises from studies in perforin-deficient
(Prf~/~) mice. Symptoms of fHLH can be reproduced by
the infection of Prf~/~ mice with LCMYV, resulting in a fatal
hyperinflammatory response characterized by hyperproliferation
of IFNy-producing CD8" T cells, which are central to disease
pathogenesis (32, 34). Since T cell proliferation requires
antigen presentation by DC, investigative studies focus on the
mechanisms by which perforin regulates DC function.

Hermans et al. demonstrated that cytolytic T lymphocytes
(CTL) regulate DC function by eliminating antigen-loaded DC
and preventing their access to the lymph nodes, therefore
acting as gate-keepers (124). Yang et al. later showed that this
elimination was dependent on perforin, since in Prf~/~ mice
activated CTL failed to eliminate antigen-loaded DC (125).
This suggests that in LCMV-infected Prf~/~ mice, the extensive
proliferation of CD8 T cells can result from continuous activation
by antigen-presenting DC that cannot be eliminated by defective
CTL. This hypothesis was further supported by Terrell et al. who
showed that the antigen-presenting capacity of DC is increased
in LCMV-infected Prf~/~ mice, along with the numbers of DC
containing viral antigen. Additionally, transfer of Prf*/* CD8 T
cells to LCMV-infected Prf~/~ mice reduced IFNy production
by CD8T cells suggesting that CTL limit T cell activation likely
by eliminating virus-infected DC (126). Furthermore, Lykens
et al. demonstrated that the increased activation of cytotoxic
CDS8T cells was not due to an intrinsic defect of activation
threshold, but rather an enhanced presentation of antigen by
DC (127). In line with these findings, persistence of antigen
was found to be correlated with disease pathogenesis. In IFNy
knockout BALB/c mice infected with MCM virus, the severity
of HLH-like symptoms was reduced in mice administrated with
the antiviral cidofovir, further supporting the notion that antigen
persistence drives constant antigen-presentation by DC (128).
Collectively, these studies strongly propose that DC mediate
disease pathogenesis in hosts with cytotoxic dysfunction. In cases
where there is an infectious trigger, such as a viral infection,
cytotoxic CTL fail to clear virus-infected DC. This leads to
constant DC activation and antigen-presentation of viral antigens
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to T cells (31), which in turn respond by hyperproliferation
and production of pro-inflammatory cytokines responsible for
multi-organ failure seen in MAS.

CONCLUSION

MAS is a potentially fatal inflammatory condition that can lead
to multiorgan failure if inadequately treated. In the absence of
validated diagnostic criteria, recognition is often delayed. A firm
understanding of the pathogenesis of MAS can guide diagnosis
and direct therapy toward target-specific treatment. A common
hypothesis as to the pathophysiology of MAS proposes a defect
in lymphocyte cytolytic activity. Normally, cytolytic cells induce
cell apoptosis in abnormal cells. In the setting of an infection
or inflammatory state, cytolytic cells may induce apoptosis in
activated macrophages and T cells and serve to control the
inflammatory response. A defect in cytolytic function may result
in overstimulation of the immune system leading to the multi-
organ failure seen in MAS.

The pro-inflammatory cytokine environment, particularly
IL-6, has been shown to decrease NK cell cytolytic function. The
inability of NK cells and cytolytic CD8 T cells to lyse infected
and otherwise activated antigen presenting cells (APCs) results
in prolonged cell-to-cell interactions and amplification of a pro-
inflammatory cytokine cascade. The cytokine storm results in
activation of macrophages, causing hemophagocytosis, as well
as contributing to multi-organ dysfunction (Figure 1). Several
cytokines, including TNF, IFNYy, and numerous interleukins (i.e.,
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Juvenile Idiopathic Arthritis (JIA) is characterized by a loss of immune tolerance. Here,
the balance between the activity of effector T (Teff) cells and regulatory T (Treg) cells is
disturbed resulting in chronic inflammation in the joints. Presently, therapeutic strategies
are predominantly aimed at suppressing immune activation and pro-inflammatory
effector mechanisms, ignoring the opportunity to also promote tolerance by boosting the
regulatory side of the immune balance. Histone deacetylases (HDACs) can deacetylate
both histone and non-histone proteins and have been demonstrated to modulate
epigenetic regulation as well as cellular signaling in various cell types. Importantly, HDACs
are potent regulators of both Teff cell and Treg cell function and can thus be regarded as
attractive therapeutic targets in chronic inflammatory arthritis. HDAC inhibitors (HDACGI)
have proven therapeutic potential in the cancer field, and are presently being explored
for their potential in the treatment of autoimmune diseases. Specific HDACi have already
been demonstrated to reduce the secretion of pro-inflammatory cytokines by Teff cells,
and promote Treg numbers and suppressive capacity in vitro and in vivo. In this review,
we outline the role of the different classes of HDACs in both Teff cell and Treg cell function.
Furthermore, we will review the effect of different HDACi on T cell tolerance and explore
their potential as a therapeutic strategy for the treatment of oligoarticular and polyarticular
JIA.

Keywords: juvenile idiopathic arthritis (JIA), acetylation, HDAC inhibitor (histone deacetylase inhibitor), T cells,
tolerance

INTRODUCTION

Juvenile Idiopathic Arthritis (JIA) is the most common rheumatic disease in children and an
important cause of short- and long-term disability (1, 2). It includes several different entities and
has an intriguing heterogeneity in disease course and outcome. Oligo-articular JIA (oJIA) has a
relatively mild course, with lasting medication-free remission in approximately half of the children,
while poly-articular JIA (pJIA) more often is non-remitting and can lead to severe disability
(2, 3). The main pathophysiological concept of JIA is that the immunological balance is disturbed
resulting in loss of immune tolerance (1). A unique subtype of JIA is systemic-onset JIA (sJIA),
involving 10% of all JIA patients, and in contrast to oJIA and pJIA, sJIA is mainly characterized as
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an autoinflammatory disease instead of an autoimmune disease.
In the pathogenesis of sJIA there is a key role for cells of the
innate immune system including monocytes and neutrophils
(4, 5). This is illustrated by the high incidence of macrophage
activation syndrome (MAS) in patients with sJIA (6, 7). Although
cells from the innate immune system play an essential role in the
pathogenesis of oJIA and pJIA as well, it is generally thought that
activation of autoreactive CD4™ T cells, leading to a T cell-driven
immune response is a key manifestation in the pathogenesis of
oJIA and pJIA. This subsequently results in recruitment of other
immune cells, including innate immune cells and the production
of several pro-inflammatory cytokines including tumor necrosis
factor (TNF)q, interleukin (IL)-6, IL-17, and interferon (IFN) y
which collectively leads to joint inflammation. Innate immune
cells, such as neutrophils and monocytes/macrophages to the site
of inflammation (8). The pathogenic T cells present within the
synovial compartment are predominantly Thelper (Th) 1 and
Th17 cells (9, 10).

Regulatory T (Treg) cells are key players in maintaining
immunological balance and tolerance (11, 12). The transcription
factor forkhead box P3 (FOXP3) is crucial for Treg cell
development and function and mutations in the FOXP3 gene
can result in severe dysregulation of the immune system due to
a Treg cell deficiency (13, 14). Treg cell numbers and function
have also been implicated in complex autoimmune diseases
including rheumatoid arthritis (RA) and JIA, and in fact the
first data on CD4™ Treg cells in human chronic arthritis comes
from JIA patients (15, 16). Treg cells can be identified by the
high expression of several markers, such as (but not limited to)
FOXP3, CD25M¢", cytotoxic T lymphocyte associated protein
(CTLA)-4 and low expression of CD127. Treg cells can adapt to
local environment (tissues) and acquire additional characteristics
in inflammatory conditions (12, 17). They seem to exert their
regulatory or suppressive actions both cell-contact dependent
and independent via the secretion of anti-inflammatory cytokines
such as Transforming Growth Factor beta (TGF)p and IL-10
(18). In JIA, the balance between pro-inflammatory Teff cells
and anti-inflammatory Treg cells can be associated with the
course of the disease (16, 19-22). For instance, higher numbers
of Treg and lower numbers of Teff cells (Th17 and Thl) at the
site of inflammation have been correlated to a more favorable
course and outcome in JIA (16, 20-22). These observations
support the concept that treatment may be aimed to restore
the immunological imbalance between effector mechanisms and
regulatory mechanism in children with JIA.

Current treatment of JIA, consisting of intra-articular
corticosteroids, disease modifying anti-rheumatic drugs
(DMARD:s) and biologicals, such as anti-TNFa, seem primarily
directed at the effector side of the immunological imbalance (23—
26). In the past two decades, biologicals are increasingly being
used in JIA. They certainly have been a major- breakthrough in
the treatment of JIA, but even today, a significant percentage
of patients do not respond to therapy or only show partial
response. Furthermore, after achieving clinical inactive disease
on therapy, many patients suffer from relapse when treatment
is discontinued (27, 28). Therefore, there is still a need for
improved treatment strategies in chronic inflammatory diseases

such as JIA. Restoring tolerance, either by; decreasing Teff cell
function, increasing Treg cell function or preferentially both,
might be a promising therapeutic strategy.

Histone deacetylases (HDAC:s) are a novel class of therapeutic
targets that are being explored for the treatment of autoimmune
disease. These enzymes can modulate epigenetic regulation
and important cellular functions in many different cell types,
including T cells by the deacetylation of both histone and
non-histone proteins. In other diseases and research fields,
mainly cancer research, HDAC inhibitors (HDACi) have already
demonstrated therapeutic potential (29). Interestingly, in the
context of autoimmune disease, HDAC inhibition proved to
influence both the innate immune system and Teff cell and Treg
cell function, potentially restoring immunological tolerance. We
here provide an overview and focus on the role of the different
types of HDACs in CD4 " Teff cells and Treg cells, and explore
the potential of specific HDACi as a therapeutic strategy for the
treatment of autoimmune diseases, in specific oJIA and pJIA.

HISTONE ACETYLATION AS REGULATORY
MECHANISM OF IMMUNE ACTIVATION

The function of many intracellular proteins, particularly
transcription factors, and histones, can be altered by post-
translational modifications. Here, one or more amino acids are
covalently modified, often modulating subcellular localization,
activation state, interaction with other proteins or protein
turnover/degradation. Acetylation is one of the most prominent
post-translational modifications. The majority of literature on
acetylation is directed at its role in epigenetic regulation, which
refers to changes in gene expression without altering the genetic
code. In the nucleus, DNA is tightly wrapped around histones
to form a nucleosome (30) which controls the accessibility of
DNA binding sequence to their transcription factors (31). An
important epigenetic mechanism that affects this accessibility
is the post-translational modification of histones by acetylation
(32), a process which is reciprocally regulated by lysine acetyl
transferases (HATs) and lysine deacetylases (HDACs) (33-
35) (Figure1). In general, histone acetylation is associated
with transcriptional activation by rendering the DNA more
accessible to transcription factors (32, 36). The reverse process,
deacetylation by HDACs, can therefore lead to condensation
of chromatin structure and inhibition of gene transcription.
However, deacetylation is also associated with activation of genes,
and the inhibition of HDAC:s in fact results in both upregulation
and downregulation of genes in equivalent percentages (37-41).

There are 18 different HDAC enzymes, which can be divided
into 4 classes based upon homology to yeast HDACs and their
function. Class I (HDACI, 2, 3, and 8), Class II divided into class
ITa (HDAC4, 5, 7, and 9) and IIb (HDACS6, 10) and class IV
(HDAC11) are all Zinc-dependent and are considered classical
HDAGC:s. Class III consist of the Sirtuin family (Sirtuin 1-7) and
are NAD™ dependent (42).

Histone modifications are widely associated with human
disease, including malignancies and autoimmune disease such as
RA, systemic lupus erythematosus (SLE) and JIA (35, 43-46).
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FIGURE 1 | Function of HDACs an HATs. HATs acetylate the lysine residue on histones resulting in relaxation of chromatin structure, rendering the DNA more
accessible for transcription factors. The reverse process, deacetylation by HDACs results in condensation of chromatin structure. 5 families of HATs have been

For instance, autoimmune disease associated single nucleotide
polymorphisms (SNP’) are significantly enriched in regions with
high acetylation of lysine 27 on histone 3 (H3K27) (46-48).
Accordingly, increased regions of H3K27 acetylation in CD4™ T
cells of JIA patients corresponded with increased expression of
pro-inflammatory genes in these patients. Furthermore, in SLE,
global acetylation of histone H3 and H4 in CD4" T cells was
reduced in patients compared to healthy controls and the degree
of histone H3 acetylation negatively correlated with diseases
activity (43). This demonstrates an important role for histone
acetylation in autoimmune disease.

Next to histones, HDACs can also deacetylate non-histone
proteins, hereby affecting their localization in the cell, stability
and function (49, 50). For example, the activity of the
transcription factors FOXP3 and Rar-related orphan receptor
gamma (RORyt), key regulators of T cell function, is directly
regulated by acetylation. Numerous studies have directly assessed
the role of acetylation in modulating immune responses.
Although there is a clear role for HDACs in the regulation of
innate immune responses, reviewed by others (51, 52), we will
focus on the role of the different HDACs in T cells and discuss
their potential implications in oJIA and pJIA.

HDAC FUNCTION IN CD4* T CELLS

Several classes of HDACs were demonstrated to have an
important function in CD4™T cell development and function
(Figures 2, 3).

Class | HDACs; HDAC 1, 2, 3,and 8

Several members of Class I HDACs are essential for T cell
development and differentiation in mice. In mice, T cell-specific
knock-out of Hdacl resulted in normal T cell numbers of
both CD4™ and CD8* T cells. However, these mice displayed
enhanced Th2 responses, characterized by increased production

HDACT HDAC1
HDAC6 HDAC9
HORGS SIRT1

NS

HDAC1 HDAC3
SIRT1 HDAC6

FIGURE 2 | Role of HDAC members in different T cell subsets. Specific HDAC
members which was demonstrated to either promote (green box) or inhibit (red
box) function or differentiation of CD4T T cells or the CD4T T cell subsets;
Th1, Th2, Th17, and Treg cells.

of Th2 associated cytokines such as IL-4 and IL-5 combined
with airway inflammation (53). In addition, Hdacl knock-out
mice were resistant to the induction of experimental autoimmune
encephalomyelitis (EAE), a multiple sclerosis animal model
which is associated with Th1 and Th17 responses (54). These data
suggest that HDACI1 can skew T cell responses by impairing Th2
function and potentiating Th1 and Th17 activity. Furthermore,
HDACI can also modulate Treg function. In a mouse cardiac
transplant model, the deletion of HDAC1 in FOXP3™" Treg cells
resulted in an impaired function of these cells, combined with
increased secretion of the pro-inflammatory cytokines IL-2, IL-
17, IFNy, and decreased cardiac allograft survival (55). This
demonstrates that HDAC1 contributes to Treg cell suppressive
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FIGURE 3 | HDAC-mediated regulation of FOXP3 in Treg cells. HDACS,
HDACS, HDAC9, HDAC11, and SIRT1 can deacetylate FOXP3 thereby
increasing FOXP3 susceptibility for degradation. Acetylation of FOXP3 also
promotes associations with DNA where it can form a transcriptional complex
with HDAC7 and Nur77. HDAC10 can bind to and inhibit the FOXP3 promotor
resulting in decreased FOXP3 expression. Nur77 is inhibited by HDAC7 and
interacts with the HDAC7/FOXP3 transcriptional complex.

capacity. While also T cell-specific deletion of HDAC2 did not
affect T cell numbers, combined deletion of both HDACI1 and
HDAC?2 resulted in severe defects in mature T cell development,
especially in the CD4™ T cell lineage. This indicates that HDAC1
and HDAC2 have overlapping functions in T cell development.
In a combined Hdacl/2 T cell knock-out mouse there was a
decreased differentiation from double negative to double positive
T cells (CD47/CD8") accompanied with a 5-fold decrease in
thymocyte cellularity indicating a block in T cell development
(56). Hdacl/2 knock-out was proposed to result in defective
propagation of T cell receptor (TCR) signaling. In a later stage
of T cell development, the combined knock-out of Hdacl/2 in
CD4™ T cells specifically resulted in an increased CD8 surface
expression by these CD4™ T cells and a decrease in peripheral T
cell numbers (55). It was demonstrated that HDAC1 and HDAC2
maintain CD4T cell integrity via repressing Runx-CBFf, a
heterodimeric transcription factor required for the appropriate
expression of CD4 and CD8. Furthermore, in T cells a dose
dependent tumor suppressor function of HDAC1/2 was observed
(56, 57). In Treg cells, the inhibition or deletion of HDAC2
specifically resulted in an increased Treg function, promoting
cardiac allograft survival. This indicates that selective inhibition
of HDAC?2 in contrast to HDACI could serve a protective role
against graft rejection (55). Combined targeting of both HDACI
and 2 could result in severe defects in T cell development and
therefore seems not suited for the treatment of JIA based upon
data from mouse knock-out studies.

Comparable to the developmental defects observed in
Hdacl/2 knock-outs, HDAC3 also was shown to be essential for
T cell development and maturation (58-60). Knock-out of Hdac3
in mice resulted in a block in T cell development during positive
selection in the thymus resulting in a strong reduction in CD4"

and CD8™ peripheral T cells. Within the CD4" T cells present
in the peripheral blood there was an increase in RORyt and IL-17
producing cells, indicating a skewing toward the Th17 phenotype
(58). Furthermore, it was demonstrated that HDAC3 is an
important mediator of the development and function of both
induced and natural Treg cells. Interestingly, HDAC3 can directly
associate with FOXP3, resulting in reduced IL-2 production by
Treg cells. Moreover, mice with a FOXP3 cell-specific deletion
of HDAC3 died within weeks from severe autoimmunity (61).
For HDACS, ongoing studies indicate that deletion of HDACS8
in Treg cells results in impaired Treg cell function (62). Together
these data indicate that next to combined HDAC1/2 targeting,
the selective inhibition of HDAC3 or HDACS could either result
in T cell development defects or impaired Treg cell function and
therefore does not seem to be of any therapeutic potential in a
chronic autoimmune disease such as JIA.

Class lla HDACs; HDAC4, 5, 7, and 9

Most members from Class I[ITa HDACs are protective for the
development of autoimmunity in mice. HDAC4 has been mainly
assessed in the nervous system due to its high expression in
brain and skeletal tissue and little is known about its function
in T cells. Although HDAC4 is expressed in all T cell subsets,
CD4™ T cells specific Hdac4 knock-out mice display normal T
cell numbers and function (63). A role for HDAC4 in CD4™ T
cells was suggested based upon hypermethylation of the HDAC4
region of the DNA of CD4™ T cells from RA patients. These
data indicate that HDAC4 expression would be decreased in
these patients, but gene expression or function of HDAC4 was
not assessed in this study (64). Therefore, the exact role of
HDAC4 in T cell and in autoimmune diseases is currently
unknown.

Similarly, Hdac5 knock-out mice display a normal CD4™ T
cell development and function. In these mice however, Treg
cell displayed impaired suppressive capacity (65). In addition,
IFNy production was decreased in CD8" T cells, indicating
that HDAC5 perhaps has a more profound role in CD8" T
cells and Treg cells compared to CD4T Teff cells (65). In
contrast to HDAC4 and HDACS5, HDAC? is an important
regulator of T cell development by regulating both positive
and negative selection in the thymus (66-68). Knock down of
Hdac7 in mice T cells results in a defect in positive selection
in the thymus with a decrease in T cell survival and TCR
repertoire (66). The effect of HDAC7 on negative thymocyte
selection was shown to be via inhibition of the expression of
the transcription factor; Nur77 (69). Nur77 promotes thymocyte
apoptosis during negative selection of autoreactive thymocytes
(69) and the overexpression of Nur77 significantly decreases
numbers of peripheral CD4" and CD8' T cells in mice (70).
It was demonstrated that HDAC? is recruited to the Nur77
promotor via interaction with the transcription factor MEF2D
resulting in decreased Nur77 expression. HDAC?7 is exported
out of the nucleus during T cell activation resulting in increased
Nur77 expression. Blocking the nuclear export of HDAC7 in
T cells in mice resulted in a block in negative selection in
the thymus, promoted survival of auto-reactive T cells and
was accompanied with the development of autoimmunity and
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a decreased life span in mice (67). The exact mechanism of
inhibition of expression of Nur77 by HDAC7 remains unknown,
but it is demonstrated to be dependent on its deacetylase
activity (69). A profound role for HDAC7 in Treg function
was also shown. Overexpression of Nur77 in mice T cells
was associated with an increase in Treg cell percentages and
cardiac allograft survival. It was demonstrated that Nur77
can interact with a HDAC7/FOXP3 transcriptional complex in
Treg cells and that Nur77 overexpression resulted in increased
expression of Treg associated genes, including Foxp3, Foxpl,
TIP60 (70). Implicating, that Nur77 affects the balance between
Teff and Treg cells, favoring Treg cell survival. Taken together,
HDAC?7 plays an essential role in negative T cell selection in
the thymus as an inhibitor of Nur77. Both in Teff and Treg
cells a protective role of Nur77 with respect to development
of autoimmunity is suggested making Nur77 an interesting
treatment target. However, the importance of HDAC7 in
the positive selection of T cells in the thymus and TCR
repertoire formation and therefore T cell development makes
HDAC?7 an undesirable target for the treatment of autoimmune
diseases.

A role for HDACY has been implicated in several T cell
subsets, including Treg, Thl, and Th2 cells both in mice
and humans. HDACY expression was found to be increased
in different subsets of CD4% T cells of SLE patients and
the autoimmune prone MLR/Ipr mice. In addition, HDAC9
deficiency was associated with hyperacetylation of several lysine
residues of histone H3 in mice (71). In the MLR/lpr mouse,
knock-out of Hdac9 resulted in a prolonged survival and decrease
in autoimmune disease progression. This was determined by
smaller lymph nodes and spleen and a decreased percentage of
activated CD4™" T cells and double negative T cells. Furthermore,
knock-out of Hdac9 resulted in an inhibition of T cell activation
in vitro and a decrease in Thl and increase in Th2 cytokine
production in vivo (71). Therefore, HDAC9 appears to promote
skewing toward Th1 subsets. In addition, there is a differential
expression of HDACY in different T cell subsets. HDAC9 is higher
expressed in Treg cells compared to non-Treg cells and HDAC9
expression is markedly decreased in non-Treg T cells after
stimulation in contrast to Treg cells (72). This could implicate
an important role for HDAC9 in Treg function or development.
Indeed, knock-out of HDACY in mice resulted in increased
Treg numbers with enhanced suppressive function (73) and
predisposition to iTreg development (74). This was confirmed by
in vitro knock-down of Hdac9 in mice Treg cells which resulted in
increased FOXP3 expression and increased suppressive function
(73). Furthermore, the induction of colitis in mice was associated
with increased HDAC9 expression, while the Hdac9 knock-out
mice were resistant to development of colitis (73). Taken together,
HDAC9 showed to promote the development of autoimmune
disease via its function in both Teff and Treg cells.

In summary class Ila HDACs in CD4" T cells seem to be
protective against the development of autoimmunity or essential
for T cell development, with the exception of HDAC9. The
inhibition of HDAC9 could therefore be of therapeutic interest
in the context of autoimmune diseases such as JIA, however its
specific role in arthritis had not been investigated yet.

Class lib; HDACG6, 10

The two members of class IIb HDACs; HDAC6, and HDAC10
have both been assessed for their therapeutic potential as a new
treatment of autoimmune disease. Importantly, in CD4™ specific
Hdac6 knock-out mice, CD4" and CD8* T-cell development
and function was described to be normal (74-76). However, in
these mice the population of IL-17 producing gamma delta (y38)
T cells was increased which was accompanied by a decreased
expression of the transcription factor SOX4. This was confirmed
in vitro, by treating a murine lymphoma cell line (EL4) with the
two different HDAC6 inhibitors; tubacin, and tubastatin. HDAC6
inhibition in these cells resulted in a concentration-dependent
increase of IL-17 expression (75). Since IL-17 production is
associated with autoimmunity, these observations implicate a
protective role for HDACG in the development of autoimmune
disease via inhibition of Th1l7 cell differentiation. However,
in Treg cells, it has been shown that HDAC6 is involved in
deacetylation of FOXP3 and selective inhibition of HDAC6
enhanced the suppressive function of Treg cells (76-78). This was
confirmed in an arthritis mouse model were HDACS6 inhibition
resulted in decreased arthritis scores in mice (79). Furthermore,
in human peripheral blood mononuclear cells (PBMCs) from
RA patients, in vitro HDAC6 inhibition resulted in a decreased
expression of the pro-inflammatory cytokines TNFa and IL-1f
and increased the anti-inflammatory cytokine IL-10 (79). These
observations indicate that HDAC6 can exert different effects
in different T cell subsets, both pro-inflammatory and anti-
inflammatory. Due to the observation that HDAC6 inhibition
in Treg cells resulted in enhanced suppressive function and a
decrease in arthritis development in a mouse model, there is great
interest in the potential application of specific HDAC6i immune
suppression therapy in for example transplant recipients. (62)
However, more research is needed to determine the potential
risk of HDAC6i by promoting autoimmune disease by increasing
IL-17 production.

For HDACI0, it was reported very recently that it can bind
to the FOXP3 promotor and inhibit its transcriptional activity
(80). Treg cells from HDAC10 knock-out mice showed increased
expression of FOXP3 accompanied by increased Treg suppressive
function. Furthermore, transfer of Treg cells from HDAC10
knock-out mice in a colitis mouse model resulted in a reduced
induction of colitis compared to transfer of wild-type (WT) Treg
cells (80).

Altogether, both HDAC6 and HDACI0, as class IIb HDACs,
seem to exert negative effects on Treg cells and the inhibition of
class IIb HDACs could therefore be beneficial in inducing Treg
cell function. However, for HDACS6 there is a differential effect
on different Th subsets and a pro-inflammatory effect has also
been demonstrated via the induction of IL-17 production.

Class IV; HDAC11

HDACI11, the only member of class IV HDACs is suggested
to have an inhibitory role in maintaining immune tolerance.
For Treg cells it was demonstrated in a human T cell line that
HDACI1 can associate with and deacetylate FOXP3 (81). Knock-
out of Hdacl1 in Treg cells resulted in an increased expression
of FOXP3 and TGF-, and an increased suppressive capacity
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in vitro. This was confirmed in vivo by an increased cardiac
allograft survival in Hdac11 knock-out mice (81). In mice, in vitro
activation of Teff cells resulted in a downregulation of HDACI11
expression. In addition, Hdacl I knock-out in CD4* and CD8* T
cells resulted in an increased proliferation and pro-inflammatory
cytokine production after activation indicating an inhibitory role
for HDACI1 in Teff cell activation. Interestingly, the Hdacll
knock-out CD4™ T cells were resistant to the in vivo induction
of tolerance via the injection of a tolerogenic dose of ovalbumin
(82). In summary, Hdacll knock-out has a differential effect
on the different T cell subsets with an increased Teff function
and decreased tolerance induction after HDAC11 knock-out in
all T cells. In contrast, Treg cell-specific knock-out of HDACI11
results in the opposite effect with an increased suppressive
function of Treg cells and improved immune tolerance. The
effect of HDACI11 inhibition in vivo therefore seems to depend
on which cell type is affected most. To our knowledge, no
specific inhibitor for HDACI11 is available yet and therefore
the effect of HDACI11 inhibition in vivo remains incompletely
understood.

Class lll; Sirtuins1-7

The most extensively studied member of the sirtuin family,
SIRT1, is an important player in chronic inflammation. The exact
function of SIRT1 is under debate and both a pro-inflammatory
and an anti-inflammatory role of SIRT1 have been described in
human disease. It was demonstrated that SIRT1 is upregulated in
the synovial tissue and PBMC from patients with RA compared
to patients with osteoarthritis. In this study, a pro-inflammatory
role for SIRT1 was implied in monocytes with a reduction in
lipopolysaccharide (LPS) induced TNFa production in vitro after
inhibition of SIRT1, either by incubation with SIRT1 inhibitors
or siRNA targeting (83). However, the opposing effect has also
been demonstrated where a protective role for SIRT1 against
inflammation and tissue destruction is suggested in chondrocytes
and osteoblasts via the deacetylation and therefore inactivation of
Nuclear factor-kappa B (NF-kB) (84, 85). Part of this controversy
may be explained by differences in experimental setup, cell type
and readout.

In mice T cells, the germline knock-out of SirtI resulted in an
increased T cell proliferation and expression of IL-2, IFNy, and
IL-5 compared to WT upon in vitro activation. In these mice,
this decreased T cell tolerance resulted in increased development
of EAE (86). In contrast to what is found in the germline
knock-out mice, T cell development, cytokine expression and
proliferation upon in vitro activation is normal in CD4™ T cell
specific Sirtl knock-out mice (87). These observations indicate
that the role of SIRT1 varies within different T cell subsets and
different stages of T cell development. This is in line with the
finding that basal sirtuin/SIRT1 levels differ between different
T cell subsets. For instance, in mice, all sirtuin members are
expressed in higher levels in Treg cells compared to Teft cells.
Interestingly, upon in vitro activation via the T cell receptor
there is a markedly increased expression of all sirtuin members
in mouse Teff cells, but a downregulation of some sirtuins,
including SIRT1, in Treg cells (76). Furthermore, SIRT1 plays
an important role in the function of Treg cells via its effect on

FOXP3. Both FOXP3 activity and stability is dependent on its
acetylation status and it was demonstrated that SIRT1 associates
with and deacetylates FOXP3, resulting in its degradation (55,
88-90). This was confirmed in vivo by Treg-specific Sirt1 knock-
out in mice where there was increased expression of FOXP3 (87).
In addition, the increase in FOXP3 expression was accompanied
by an increased suppressive capacity of Treg cells. Transfer of
Treg cells from both Cd4t and Foxp3™ specific knock-out mice
into immune-deficient mice showed a more potent suppressive
capacity compared to WT Treg cells (87). Moreover, in a colitis
mouse model, the adoptive transfer of Teft cells isolated from
CD4™ specific Sirtl knock-out mice resulted in a nearly 3-fold
increase in iTreg formation compared with mice receiving WT
Teff cells. This correlated with reduced weight loss and reduced
development of colitis (91).

In other T cell subsets, treatment with an siRNA for Sirtl,
resulted in increased of IL-9 production in vitro by both
mouse and human CD4" T cells which was accompanied with
an increase in allergic airway inflammation in mice (89). In
Th17 cells, Sirtl knock-out was demonstrated to inhibit Th17
differentiation via RORyt hyperacetylation and showed to be
protective in an EAE mouse model (92). IL-9 producing Th9
cells are associated with a Th2 type response while Th17 cells are
important pro-inflammatory players in autoimmune disease.

Altogether, the function of SIRT1 can exert varying effects on
different T cell subsets and has been linked to both protective
and aggravating effects in disease models. Overall, most studies
suggest a pro-inflammatory role for SIRT1 in CD4" T cells, and
especially Treg cells, in the setting of autoimmune diseases.

The role of SIRT2, SIRT4, SIRTS5, SIRT6, and SIRT7 in
CD4™ T cells has not been studied to our knowledge. Germline
knock-out of SIRT3 resulted in a normal T cell development
and response to bacterial and fungal infections in mice (93).
Treg cells from FOXP3 cell-specific Sirt3 knock-out in mice
had impaired suppressive function in vitro which resulted in an
increased cardiac allograft rejection and chronic graft injury in
vivo. These findings suggest a protective role for SIRT3 in the
function of Treg cells (61). Collectively, these data demonstrate
that, although opposite effects, both SIRT1 and 3 can be regarded
as a potential therapeutic target in autoimmune disease.

HDAC INHIBITION BASED THERAPY FOR
CHRONIC INFLAMMATORY DISEASES

Acetylation has directly been implicated in the control of cell
cycle arrest and apoptosis, making modulators of acetylation such
as HATs and HDAC: interesting targets for treatment of various
diseases, especially cancer. Presently, the therapeutic potential
of various HDACiI is being tested in clinical trials involving
several different malignancies (29, 94-97). For example, the
tumor suppressor gene p53, a master coordinator of crucial
cellular functions such as apoptosis and genomic stability, is
deacetylated by several members of class I and class III HDACs,
thereby decreasing its activity (98-102). This underlies the
therapeutic potential of HDACI in cancer treatment. HDACi
are generally well-tolerated compared to other drugs used in
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cancer therapy and the most commonly described side effects
are gastro-intestinal complaints and fatigue (97, 103). Serious
adverse events described include bone marrow depression, liver
toxicity, electrolyte disturbances and electrocardiogram (ECG)
changes. However, bone marrow depression was shown to be
reversible after cessation of the therapeutic agent (97, 104) and
intensive monitoring of ECG changes in clinical trials did not
show an increase in cardiac adverse events, but long-term follow
up is needed (97, 103). Furthermore, of the many HDACi tested
in phase I/II clinical trials just a few have been approved for
clinical use, which could be caused by absence of selectivity and
unclear mechanism of action of many HDACi (97). The broad
impact of HDACs on major cell functions, including on CD4" T
cell function (both Teff and Treg), suggests that HDACs could be
a potential therapeutic target as well for non-malignant diseases
like chronic inflammatory diseases. However, especially for non-
lethal chronic diseases such as JIA, potential side effects should
be carefully studied, monitored and balanced against the possible
or expected benefits.

Although on a different scale compared to cancer research,
the role of HDAC] in the context of autoimmune diseases has
also been investigated (Table 1). HDACi were demonstrated to
suppress key players of the innate immune system (115-121).
For example, Trichostatin A (TSA) and nicotinamide, HDACi
inhibiting class I/II or class III HDACs, respectively, decreased
the in vitro production of IL-6 and TNFa by macrophages
from healthy donors and patients with RA after stimulation
with TNFa or LPS (115). In mice, oral treatment with the
pan-HDAC]; suberoylanilide hydroxamic acid (SAHA), also
known as Vorinostat, reduced the circulating levels of the pro-
inflammatory cytokines TNFa, IL-18, IL-6, and IFNY after LPS
stimulation (116). Moreover, in a murine lethal LPS-induced
septic shock model, treatment with SAHA improved survival
by attenuation of several inflammatory markers including
neutrophil infiltration in the lungs (117). Furthermore, in LPS
stimulated cultured human PBMCs, the class I/II HDACI:
ITF2357 (Givinostat) reduced the production of the pro-
inflammatory cytokines TNFa, IL-1a, IL-1B, and IFNy. This in
vitro data was confirmed in an in vivo mouse model where oral
treatment with Givinostat reduced LPS-induced serum TNFa
and IFNy by more than 50% (118). Next, HDAC inhibition in
RA fibroblast like synoviocytes (FLS) suppressed inflammatory
gene expression, including type I IFNy, IL-6, IL-8 (120, 121)
via regulation of cytokine mRNA stability (121). Accordingly,
Etinostat (MS275), a class I HDAC inhibitor, selectively affecting
HDACI-3, showed to decrease cell proliferation and secretion
of the pro-inflammatory cytokines IL-6 and IL-18 and nitric
oxide in cultured human fibroblastic cells from RA patients
(119). The nuclear accumulation of NFk-B was decreased in
this model indicating that the anti-inflammatory effect could be
mediated via increased acetylation of NFk-B. A more detailed
overview of HDAC inhibition in innate immune cells can be
found in literature (51, 52) and is beyond the scope of this review.
These data demonstrate that HDAC inhibition of various classes
can result in reduced pro-inflammatory cytokine production by
innate immune cells, both in vitro and in vivo.

HDACIi Affecting Class | and Il HDAC

Next to suppressive effects on innate inflammation, HDACi could
be of great interest as therapeutic strategy by suppressing key
players of the adaptive immune system. Of special interest for
this review is the effect of various HDACi on FOXP3 expression
and Treg cell mediated suppression. Treatment of WT mice
with the pan-HDACi TSA resulted in an increase of absolute
numbers and percentages of CD4TFOXP3™ cells in lymphoid
tissue by increased production in the thymus (72). This was
accompanied by an increase in FOXP3 acetylation and expression
of Treg associated genes, including Foxp3, Ctla-4, and II-10
(72). In addition, in a mouse colitis model, the pan HDACi
TSA and SAHA inhibited the development of colitis, defined by
weight loss, diarrhea, bleeding, and histological findings. In line
with previous results, this was accompanied by an increase in
CD4TFOXP3™ cells in both absolute numbers and percentages
in the lymphoid tissue of these mice (73). Furthermore, in a
mouse cardiac transplant model, SAHA treatment prolonged
cardiac allograft survival which was associated with an increased
percentage of FOXP3™ cells in the thymus, lymph nodes and
spleen (105). This was combined with an improved suppressive
capacity of the Treg cells. However, depending on the dose
used, different effects of SAHA on Treg cells were observed.
A low dose of SAHA selectively promoted Teff cell apoptosis
and hereby increased the relative percentage of Treg cells, while
a high dose suppressed the generation of FOXP3™ cells (105).
Perhaps, this could be explained by differential effects of SAHA
concentrations on the various types of HDACs (122). In an
arthritis mouse model, Valproic acid (VPA), a strong class I but
also class II HDACI, decreased the incidence and disease activity
of collagen induced arthritis. In addition, there was an increase
in the suppressive capacity and numbers of Treg cells (112). In
contrast to TSA and SAHA, Etinostat, a selective inhibitor of
HDACI-3 from class I, had no effect on the development of colitis
or on the percentage CD4™FOXP3™ cells in the colitis mouse
model (73). Since TSA is an inhibitor of Class I and IT and SAHA
of class I, II, and IV HDAGCs this implies that the inhibition of
one or more HDAC:s from class II are responsible for the increase
in Treg cell numbers in this study. As we described above, an
important role for HDACY in the development of autoimmune
disease was demonstrated in several studies. Therefore, HDAC9
inhibition could potentially be responsible for the increased Treg
cell numbers and the protective effect in colitis development in
these mice treated with TSA and SAHA. HDACY inhibition could
therefore be of important therapeutic potential in the treatment
of autoimmune diseases such as JIA.

In humans, a phase I/II clinical trial aiming to reduce
the incidence of graft vs. host disease in patients receiving
allogeneic hematopoietic cell transplantation, add-on treatment
with Vorinostat (SAHA) reduced pro-inflammatory cytokine
levels in plasma and increased Treg cell numbers and suppressive
capacity (106, 107).

Although non-specific, a compound known to exert an effect
on T cells via HDACS inhibition is butyrate (113). Butyrate
treatment resulted in a reduction in disease severity in a
collagen induced arthritis mouse model. This was associated
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TABLE 1 | Effect of HDAC inhibition on T cell subsets.

HDAC inhibitor Targeted HDAC member

Effect on T-cell subsets

Increase of absolute numbers and percentages of FOXP3™ cells in mice with increased FOXP3 acetylation

Increase of FOXP3% cell numbers and percentages in mice. Accompanied with decreased colitis

Increase of FOXP3+ cell numbers and percentages and decreased colitis development in mice (73).
Improved cardiac allograft survival in mice, with increased percentage of FOXP3* cells and increased
suppressive capacity of these cells. However, different effects with different dosages (105).

Reduced incidence of graft versus host disease in allogenic hematopoietic stem cell transplantation

patients in a phase I/Il clinical trial. Accompanied by reduced pro-inflammatory cytokines and increased
Treg cell numbers and suppressive capacity (106, 107).

Decreased disease activity and increased survival in SLE prone mice (NZB/W). Increased percentage of Treg

cells and decrease in IL-17 producing cells (108).

Decreased joint swelling and cell influx into joint cavity in arthritis mouse model. Reduction in pro-inflammatory

- Reduced pro-inflammatory cytokine production after ex vivo stimulation of PBMC from healthy volunteers

- Decreased disease activity scores in 5/9 patients at 12 weeks in a phase || human clinical trial involving

Trichostatin A Class I and Il -
(TSA) and Foxp3, Ctla-4 and II-10 expression (72).
development in mice (73).
Suberoylanilide Class |, II, and IV -
hydroxamic acid -
(SAHA)/Norinostat
ITF2357/Givinostat Class I and Il -
cytokines; TNFa, IL-1 (109).
with LPS in a phase | clinical trial (110).
children with sJIA (111).
MS275/Etinostat Class | members HDAC1-3 -

Valproic acid (VPA)

No effect on percentage of FOXP3™T cells percentage or development of colitis in mice (73).
Class | (primarily) and I - Increased Treg cell number and suppressive capacity accompanied with a decreased incidence of collagen

induced arthritis in mice (112).

Butyrate Class |, lla, and IV - Decreased Th17 cell numbers and increased Treg cell numbers in mice via inhibition of HDAC8. Decreased
expression of pro-inflammatory cytokines and reduction in inflammation, bone damage and cartilage
damage (113).
EX-527 Class Il member; SIRT1 - Increased suppressive capacity of mouse Treg cells in vivo (87).
- Increased allograft survival and kidney function in a mouse kidney transplant model (114).
- Reduction of weight loss and induction of iTreg development in mouse colitis model. Decreased production
of IL-17 during ex vivo induction of mouse IL-17 cells (92)
Nicotinamide Class Il member; SIRT1 - Increased percentage of FOXP3*cell’s in vitro in primary human cells (88).

(NAM)/Vitamin B3

Decreased production of IL-17 during ex vivo induction of mouse IL-17 cells (92).

with decreased expression levels of pro-inflammatory cytokines
and a reduction in inflammation scores, bone damage and
cartilage damage scores (113). Inhibition of HDAC8 in T cells by
butyrate resulted in decreased Th17 cell number and increased
number of Treg cells in these mice. However, the effect of
butyrate on the immune system seems to be very broad, with
the potential to inhibit Class I, IIa, and IV HDACs affecting
several cell types, and being not restricted to HDAC inhibition
(123-125).

Givinostat, another class I and II HDACI, is together with
SAHA one of the few HDACI that has been investigated for
its potential therapeutic effect in autoimmune disease in a
clinical trial. Both in vitro (human primary cells) and in in vivo
mouse models, Givinostat was demonstrated to have a strong
anti-inflammatory effect by affecting key players of the innate
and the adaptive immune system (108, 109, 118). The SLE
prone NZB/W mice treated with Givinostat showed decreased
SLE disease activity and increased survival (108). This was
defined by a decrease in anti-nuclear antibodies and immune
complex deposition, improvement of renal histopathology,
decrease of the pro-inflammatory cytokine IL-1p and increase
in the anti-inflammatory cytokine tumor growth factor (TGF)-
p. In addition, an increased percentage of Treg cells and a
decreased number of IL-17 producing cells was observed in
the spleen (108). Furthermore, in an arthritis mouse model,

Givinostat treatment showed to decrease joint swelling and cell
influx into the joint cavity (109). A reduced production of
the pro-inflammatory cytokines TNFa and IL-1f by synovial
tissue was demonstrated which resulted in strong inhibition
of bone resorption (109). These promising results from pre-
clinical (animal) studies resulted in further exploring Givinostat
as a potential therapeutic treatment in human autoimmune
disease. First, oral treatment with Givinostat was proven to
be safe in a phase I trial involving healthy volunteers (110).
In addition, the ex vivo stimulation of the peripheral blood
from these volunteers with LPS showed a reduction in pro-
inflammatory cytokine production. Next, in a small phase II
trial involving 17 children with systemic onset JIA (sJIA),
oral treatment with Givinostat during 12 weeks proved to be
relatively safe, with only mild adverse events. Although 4/17
patients discontinued treatment for safety reasons this was
reported to be non-drug related. Interestingly, although not set-
up and powered to demonstrate efficacy, possible therapeutic
effects of treatment were suggested. In the per-protocol treated
group, 5/9 patients showed a relevant decrease in disease
activity scores (ACRPed50%) at 12 weeks. Moreover, some
patients showed a decrease in neutrophil count and a decrease
in pro-inflammatory cytokines such as CD40L, IL-la, and
IFNy in whole blood lysates (111). As this was only a small
phase II trial, the therapeutic potential of Givinostat in the
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treatment of sJIA or other forms of JIA needs to be explored
further.

HDACI Affecting Class lIl HDAC

The pro-inflammatory role of SIRT1, at least partially caused
by an inhibitory effect on FOXP3 stability and function,
makes SIRT1a potentially interesting target for the treatment
of autoimmune disease. In line with what was demonstrated
in Sirtl knock-out mice, selective inhibition of SIRT1 with
small-molecule inhibitors promoted Treg cell numbers and
function in in vitro studies using primary human cells and in
in vivo animal models for autoimmune diseases (87, 88, 91).
Mouse Treg cells treated in vitro with the selective SIRT1
inhibitor EX-527 showed a more potent suppressive capacity
(87). This was confirmed in vivo in a kidney transplant
model where mice treated with EX-527 showed increased
survival and improved kidney function (114). In addition, in
a mouse colitis model, EX-527 treatment resulted in reduced
weight loss and promoted the development of induced Treg
cells (91). These studies outline the therapeutic potential of
SIRT1 inhibition with EX-527 in autoimmune diseases although
its safety and efficacy needs to be further investigated in
humans.

Even more interesting for potential future use in patients
is the relatively specific SIRT1 inhibitor nicotinamide, also
known as Vitamin B3 and well-known for many years as a
food additive. SIRT1 inhibition via nicotinamide proved to
increase percentages of FOXP3" cells in vitro in primary
human cells (88). Furthermore, both nicotinamide and EX-
527 dose dependently decreased the production of IL-17
during ex vivo induction of mouse Th17 cells, indicating
an important role for SIRT1 in Thl7 differentiation (92).
Therefore, SIRT1 inhibition, via nicotinamide or EX-527, has
the potential to both induce Treg cells and inhibit Th17 cell
differentiation, affecting both sides of the disturbed immune
balance in autoimmune diseases such as JIA. Importantly, the
potential therapeutic effects of nicotinamide in autoimmune
diseases is not a new concept, as it has been studied in
humans in a variety of diseases for over more than 50 years
(126-134). In both adults and children, maintenance therapy
with nicotinamide has been associated with improvement of
beta-cell function and reduction in pancreatic inflammation
in Type 1 diabetes (128, 131, 132, 134, 135). However,
results proved variable in other studies and the effects on
either Treg or Teff cells in these studies has not been
investigated (127, 129, 130, 136). Importantly, in particular
for intended future development of nicotinamide maintenance
therapy in JIA, the long term use of high dose nicotinamide
treatment proved to be safe in multiple clinical trials involving
large numbers of adults and children from the age of 5
(130, 132, 136, 137).

DISCUSSION

In JIA, the distorted immunological balance results in chronic,
sometimes lifelong inflammatory arthritis and imposes a
significant risk for restricted mobility and even disability in

children. Although therapy with DMARDs and biologicals
has proven to be very successful in inducing remission in
JIA, there is a high percentage of patients that relapse after
tapering and stop of maintenance immunosuppressive treatment.
Therefore, there is still a medical need for novel treatment
strategies that focus on restoring immune tolerance and the
prevention of relapses in these children. As increased insight of
the mechanisms underlying JIA has revealed that the balance
between anti-inflammatory mechanisms such as Treg cells and
pro-inflammatory mechanisms such as Teff cells can determine
the course of the disease, this balance represents therefore a
promising therapeutic target.

HDACs have been demonstrated to directly regulate the
differentiation, proliferation and function of CD4" Teff and
Treg cells. Therefore, HDACi harbor therapeutic potential to
restore immune tolerance and inhibit activation in autoimmune
diseases such as JIA. Currently however, literature on HDAC
function in T cells and autoimmune disease is mainly focused
on mice. HDAC function in humans and autoimmune disease
in specific, needs to be further investigated before conclusions
about the therapeutic potential of HDACi can be drawn.
These mice knock-out studies however help us to better
understand the function of specific HDACs in the different T
cell subtypes and indicate which HDACs have the best potential
as a therapeutic target in autoimmune disease. As HDACs,
specifically from class I, have shown to be crucial for the
development, differentiation and function of CD4*" T cells, the
inhibition of some of these HDACs could potentially lead to
severe dysregulation of the immune response. This indicates
that, in order to use HDACs in the treatment of human
autoimmune disease, it is extremely important that HDACi
will selectively target specific HDACs. Several pan HDACI,
which have a broad effect and target different HDACs and
different HDAC classes, have shown a great potential for the
treatment of numerous malignancies and pronounced anti-
inflammatory effects by affecting both the innate and adaptive
immune system both in vitro and in vivo without affecting
general T cell differentiation or development. However, the broad
and pronounced anti-inflammatory effect of these pan HDACi
certainly hinders the applicability in chronic autoimmune
diseases due to the potential side effects. Some of the HDACi
however, may show the required selectivity that is needed for
treating chronic inflammatory diseases. For example, the class
I/II HDAC;; Givinostat, was demonstrated to be safe in a small
first clinical trial and data from this phase II trial suggested
anti-inflammatory effects in sJIA patients, a disease characterized
by hyperactivated (innate) inflammatory pathways. In this
study, Givinostat seemed to mainly act on effector mechanisms,
comparable to the current available treatment options for sJIA.
Although promising in this small initial prove of concept trial,
the effect of Givinostat treatment in other forms of JIA and
the long-term side effects needs to be explored in more extent
before it could be considered as part of a potential treatment
strategy.

Other HDAC, targeting HDAC6, HDACY, and SIRT1 not
only show suppressive effects on effector mechanisms in
inflammation, but may have promising anti-inflammatory effects
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via improving Treg cell numbers and function as well. The
selective and specific inhibition of these HDACs is therefore
currently being explored as potential treatment for use in
transplant patients suffering GVHD and could be attractive
candidates as part of the treatment regimens in chronic
autoimmune diseases such as JIA. Although selective deletion
of HDAC9 showed promising anti-inflammatory effects, to our
knowledge no specific inhibitor of HDACY is available yet. In
contrast, specific inhibition of HDACS is possible and clinical
trials involving specific HDAC6 inhibition to prevent allograft
rejection in transplant patients are expected in the near future.
Since HDAC6i mainly modulate Treg cell numbers and function,
the expansion of treatment with specific HDAC6i to other
autoimmune diseases seems a logical next step provided that
these HDACi have been demonstrated to be safe and in these
patients.

Another promising candidate for the treatment of chronic
inflammatory diseases such as JIA is the specific inhibition of
SIRT1, which showed an anti-inflammatory effect in several
models both in vitro and in vivo. The beneficial effect of
SIRT1 inhibition was shown to be the result of induction of
Treg cells (numbers) and function as well as inhibition of
Th17 function. This means that SIRT1 inhibition positively
affects the disturbed immune balance in diseases like JIA
in both ways. As nicotinamide is a selective inhibitor of
SIRT1, and has already proven to be safe in multiple trials
for a range of chronic (inflammatory) diseases, nicotinamide
could therefore be considered an attractive compound, even
in long term use for human adults and children. This is
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B cells carry out a central role in the pathogenesis of autoimmune disease. In addition
to the production of autoantibodies, B cells can contribute to disease development
by presenting autoantigens to autoreactive T cells and by secreting pro-inflammatory
cytokines and chemokines which leads to the amplification of the inflammatory response.
Targeting both the antibody-dependent and antibody-independent function of B cells
in adult rheumatic disease has led to the advent of B cell targeted therapies in clinical
practice. To date, whether B cell depletion could also be utilized for the treatment of
pediatric disease is relatively under explored. In this review, we will discuss the role of B
cells in the pathogenesis of the pediatric rheumatic diseases Juvenile Idiopathic Arthritis
(JIA), Juvenile Systemic Lupus Erythematosus (JSLE) and Juvenile Dermatomyositis
(UJDM). We will also explore the rationale behind the use of B cell-targeted therapies in
pediatric rheumatic disease by highlighting new case studies that points to their efficacy
in JIA, JSLE, and JDM.

Keywords: B cells, autoimmunity, pediatric autoimmune diseases, inflammation, biologics

INTRODUCTION—B CELLS

The most well-defined function of B cells is their ability to produce antibodies as part of the
humoral immune response. However, other described roles of B cells in the immune system
have recently emerged including the ability to present both peptide and lipid antigens and to
produce an array of pro and anti-inflammatory cytokines (1-3). Following development in the
bone marrow where they undergo processes that aim to ensure tolerance, B cells are released
into the periphery as antigen-inexperienced cells. Upon activation and exposure to antigen, B
cells proliferate and differentiate into antibody-producing plasma cells or memory B cells, or,
depending upon the cytokine environment in which they find themselves, into cytokine-producing
B effector (Be) cells (For detailed information see Box 1). Naive B cells differentiate into Be-1, which
produce type 1 cytokines, or Be-2 cells, which produce type 2 cytokines, when co-cultured with
polarized T helper (Th)-1 or Th-2 cells, respectively (4). B cells can also produce immunoregulatory
cytokines such as IL-10, IL-35, and TGFp (5, 6). Production of immunoregulatory cytokines by
B cells is usually attributed to a specialized subset of B cells known as regulatory B cells which
directly influence T cell function in humans by suppressing the differentiation of Th-1/Th-17 cells
and inducing the differentiation of T regulatory cells (Tregs) (5). B cell activation also leads to
the upregulation of molecules that mediate antigen-presentation, such as MHC class II (MHC
class II), or co-stimulatory molecules such as CD86/CD80. In some B cells, activation induces
class-switching, the process by which B cells change their immunoglobulin class from one to
another (i.e., IgM to IgG/IgA/IgE). All together, these diverse functions within the adaptive immune
response make B cells an important target for investigation in rheumatic disease.
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B Cells in Paediatric Rheumatic Disease

Murine models have now established that both antibody-
dependent and antibody-independent functions of B cells
contribute to development of experimental models of
autoimmune disease. Seminal examples include the observation
that B cell-deficient mice do not develop collagen-induced
arthritis (7), that CD80/CD86 expression on B cells is required
for autoreactive T cell activation and the development of arthritis
(8), and that chimeric mice lacking IL-10 expressing B cells
develop an exacerbated arthritis that is driven by an expanded
Th17 compartment (9). These data have now been translated
into human disease (10, 11). However, to date, the majority of
studies have focused on the role of B cell pathology in adult
rheumatic disease. Although these data have underpinned the
rationale for the advent of B cell depletion therapy in adult-onset
disease, there is comparatively a scarcity of studies investigating
whether a similar rationale could be applied to pediatric disease.
In this review, we will provide a broad overview of the current
evidence that B cell abnormalities drive aspects of pathology in
the most common pediatric inflammatory rheumatic diseases.
We will also summarize current case studies and clinical trials
demonstrating that targeting B cells in these diseases could be
invaluable, especially in patients whose disease is refractory to
first-line therapies.

JUVENILE IDIOPATHIC ARTHRITIS

Juvenile Idiopathic Arthritis (JIA) is an umbrella term that
encompasses a heterogenous group of conditions with a wide
spectrum of outcomes. The most common rheumatic disease in
childhood, JIA is characterized by joint swelling that lasts for
longer than 6 weeks and that develops before the age of 16, and
can cause significant disability and loss of quality of life if not
controlled (21). Within this group several subtypes of JIA exist,
including oligoarticular (oligo-JIA), polyarticular (poly-JIA),
enthesitis-related arthritis (ERA), psoriatic arthritis (PsA), and
systemic JIA (21), as defined by the International League of
Associations for Rheumatology (ILAR). At present there is no
cure for JIA, which means that current clinical strategy focuses
on achieving clinical remission (defined as no joint inflammation
and no secondary characteristics of disease such as rash, fever,
serositis and uveitis (22, 23). In the absence of clinical remission,
treatment is quickly escalated from the use of non-steroidal
anti-inflammatory drugs to include intra-articular steroids,
disease modifying anti-rheumatic drugs such as methotrexate,
and in the case of methotrexate failure to expensive biologic
therapies (24). The first-line biologic used in JIA treatment
is TNF inhibition, and despite being well-tolerated in many
children, there remains a subset of children whose disease
remain uncontrolled (25, 26). At present, therapeutic strategy is
defined by failure of medication in controlling disease severity as
there are no clinical or biological tools that allow stratification of
patients before treatment is started. Greater understanding
concerning the biological pathways underlying disease
development will improve stratification of patients and increase
early-remission rates.

Apart from systemic JIA, which is considered to be an
autoinflammatory disorder whose pathogenesis is thought to be
associated with IL-6 dysregulation and macrophage activation
(and will therefore not be discussed further in this review)
(21), the other subtypes of JIA are classically thought of
as autoimmune, T cell driven diseases. A particular role for
IL-17 producing T helper cells (Th17) has been postulated,
which may be particularly dominant in the extended oligo-
JIA and ERA forms of JIA (27, 28). However, subtypes
of JIA can also be characterized by different patterns of
auto-antibody production, which implicates a central role
for B cells in JIA pathogenesis. Further to autoantibody
production such as anti-nuclear antibodies (ANAs), B-cells
may contribute to disease pathogenesis by producing pro-
inflammatory cytokines and by presenting auto-antigens to
T-cells (29).

Autoantibodies

Anti-nuclear antibodies (ANA) are most commonly detected
in both oligo-JIA and rheumatoid factor (RF) negative poly-
JIA suggesting a B cell involvement in both patient groups.
Although the exact targets of these ANA are yet to be defined,
the presence of ANA provides strong evidence that B cell
tolerance is altered in both oligo-JIA and RF- poly-JIA. Indeed,
it is thought that ANA+ oligo-JIA and RF- poly-JIA patients
would be better considered as one subtype of disease based on
similarities in pathogenesis, risk for uveitis and early disease-
onset (30). ANA+ oligo-JIA and RF- poly-JIA are confined to
childhood and there is thought to be no equivalent in post-
pubertal patients (31, 32). While the contribution of ANA to
disease pathology remains unclear, recent research has suggested
that ANA positivity is associated with the development of ectopic
lymphoid tissue in certain JIA patients, which by facilitating
interactions between autoreactive T and B cells could directly
support the production of these autoantibodies (33). In contrast
to RF- poly-JIA, RF+ poly-JIA has a later onset, and many
clinical and genetic features (34) that are analogous with adult-
onset rheumatoid arthritis (RA), including the development
of anti-citrullinated (anti-CCP) and RF autoantibodies (35).
Furthermore, the multinational JIA consortium for Immunochip
(JACI) recently established that RF+ poly-JIA is more genetically
similar to adult-onset RA than to oligo-JIA and RF- poly-JIA
(34). This provides further evidence that these diseases are likely
to have similar underlying pathological mechanisms and that
current pharmacological strategies employed in RA are directly
relevant to RF+ poly-JIA. Although the detection of RF is used
diagnostically to subcategorize poly-JIA in RF- and RF+ patients,
anti-CCP antibodies are not standardly measured in clinical
practice in pediatric patients despite evidence from RA patients
suggesting that they may be useful in defining patients with more
severe clinical disease (36, 37). An autoantibody involvement,
and therefore B cell component, in the development of ERA
and PsA is much less well-defined, similarly to their adult-onset
counterparts Ankylosing Spondylitis and Psoriatic Arthritis,
respectively. Therefore, whether B cell depletion therapy would
convey much in the way of benefit for these diseases is yet to be
elucidated and as such are not routinely tested.
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Box 1 | Life Cycle of a B Cell

The earliest stages of B cell development occur in the bone marrow, which provides a specialized environment containing non-lymphoid cells such as osteolineage
cells and stromal cells. These cells support haematopoiesis and B cell development by secreting specific cytokines and growth factors such as IL-7, FLT3 ligand, stem
cell factor (SCF), RANKL and CXCL12 (12). In this specialized environment, repression of FLT3 in haematopoietic stem cells and induction of the master transcription
factor PAX5 commits these pluripotent cells to the B cell lineage as they differentiate into as pre-pro B cells. Movement through the early stages of B cell development
are defined by the re-arrangement of immunoglobulin (Ig) genes, which ultimately leads to the expression of a functional antigen-specific B cell receptor (BCR). Briefly,
Ig re-arrangement is initiated at the pro-B cell stage where the RAG-1/RAG-2 complex mediates recombination by inducing double strand breaks at recombination
signal sequences flanking the variable (V), diversity (D), and joining (J) regions of the heavy chain locus. RAG enzymes and accessory molecules then coordinate the
rejoining of V, D, and J segments, excising intervening DNA to give a single coding sequence that is ligated to the . heavy chain locus. In frame rearrangements
that allow surface expression of a functional heavy chain in association with 2.5 and V preB (the pre-B cell receptor) result in cessation of heavy chain rearrangement
and initiation of analogous Igk rearrangement (13). Failure to produce a functional Igk light chain following re-arrangement of the two Igk light chain alleles leads to
re-arrangement of the alleles within the Igx light chain locus giving a B cell four attempts to produce a functional BCR (14). It is at this stage that the BCR is tested for
autoreactivity, immature B cell undergo processes that ensue central tolerance by one of three processes: 1, receptor editing—immature B cells that react with low
to high avidity self-antigens can undergo receptor editing by a secondary rearrangement at the Igk or rearrangement of the Igx allele; 2, Clonal anergy —immature B
cells that react with low avidity self-antigen can migrate to the spleen as anergic B cells; 3, clonal deletion—immature B cells are deleted by apoptosis, which occurs
at a low rate for those cells that fail receptor editing (15). It is important to note that much of what we know about the early life cycle of a B cell is derived from mouse
studies and although informative there may be some differences, as yet undiscovered, in humans.

Once released from the bone marrow in humans, B cell subsets found in human peripheral blood can be broadly defined based on the expression of
CD19, CD20, CD24, CD38, IgD, and CD27. These peripheral subsets include antigen-inexperienced immature B cells (CD20tCD19%CD24+CD38* IgD*) and
mature naive B cells (CD20+CD19+CD24MCD38M |gDT) as well as antigen-experienced memory B cells (CD20TCD19+TCD24+CD38~ IgD™), plasmablasts
(CD20*TCD19+CD24~CD38*IgD ™) and antibody-producing plasma cells (CD20~CD19~CD24~CD38tIgD™) (16). Following activation with TLR-agonists, anti-
CD40 (which models T-B cell interactions in vitro) or pro-inflammatory cytokines (e.g., IFNa), antigen-inexperienced B cells can differentiate into IL-10 producing
regulatory B cells or depending upon the cytokine-polarizing environment differentiate into cytokine producing B effector cells (5, 17). Following activation and
encounter with antigen, activated B cells can also seed germinal centers (GC). Within a GC, the introduction of point mutations into the V regions B cell receptor
genes by activation-induced cytidine deaminase (AICD), a process called somatic hypermutation, and subsequent competition for antigen and survival signals from
T-follicular helper cells (Tgy) by daughter B cells, a process called affinity maturation, promotes the expansion of B cells with high affinity ag-specific BCRs. Class
switching of BCRs to different isotypes, guided by the nature of the immune response etc can also occur in GCs (18). Following maturation in a GC, terminally
differentiated plasma cells can migrate back to the bone marrow where they can reside for up to the lifetime of the host (19, 20).The life cycle of a B cell and the
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markers used to identify the various stages of B cell development by flow cytometry are summarized in Figure 1.

The underlying mechanisms that lead to auto-antibody
production in JIA are yet to be elucidated. Nevertheless,
current data suggests that altered peripheral B cell homeostasis
could be one contributing factor. CD5+ B cells, a potential
human equivalent of murine B-la cells, are expanded in the
peripheral blood of patients with oligo-JIA and poly-JIA (38); B-
1 cells have polyreactive B cell receptors (BCR) that recognize
conserved sequences on bacterial pathogens and are therefore
enriched for autoreactive epitopes. CD5+ B cells in humans
are not as well-defined as there murine counterparts and
may also represent a population of pre-naive B cells (39) or
activated B cells (40). There is also a reported expansion in
CD24MCD38M transitional B cells (41), a high proportion of
which still express polyreactive BCRs, as they are still undergoing
negative selection (42). These data suggest that B cell central
tolerance is abnormal in JIA, leading to autoreactive B cells
escaping negative selection to join the mature B cell pool.
This hypothesis is supported by data that critical checkpoints
in B cell tolerance are altered in JIA. For example, B cells
from JIA patients are still able to undergo receptor revision
in the periphery (43), a process usually restricted to the
bone marrow, which is accompanied by skewed lamba:kappa
light chain usage (44). Taken together, these data demonstrate
that changes in the frequency of potentially autoreactive B
cell subsets is accompanied with changes in the molecular
events that control B cell tolerance in JIA. Future studies are
needed to understand whether this directly contributes to the
production of autoantibodies and how this effects JIA pathology
in general.

Cytokine Production and
Antigen-Presentation by B Cells

As described above, B cells can also act as effectors of immune
response by presenting antigens and producing cytokines and
significantly, the CD24MCD38M transitional B cell compartment
which is altered in JIA also contains regulatory B cells;
CD24MCD38M transitional B cells produce the highest amount
of IL-10 following culture with agonistic anti-CD40 or CpG
(10, 45). A recent study has reported that IL-10 production
by CD19"CD24"CD38" B cells is reduced in a small cohort
of JIA patients (46). There was a drastic reduction in IL-
10tCD19+CD24MCD38M in peripheral blood compared to
controls, with an even greater reduction in synovial fluid
(46). Interestingly, an initial analysis of the difference between
RF+ and RF- JIA patients revealed that frequency of IL-
10+CD19+tCD24MCD38M was lower in RF+ patients. It has
been previously published that CD19*CD24"CD38" Bregs are
drastically reduced in RA patients, and can no longer suppress
Th17 induction (11). These results strongly suggest that similarly
to their adult counterparts, that in RF+ JIA patients T cell
abnormalities may be at least in part driven by a dysfunctional
regulatory B cell compartment. Future functional studies are
needed to confirm this hypothesis.

In conjunction with a paucity of CD19*tCD24MCD38M in
the synovial fluid of JIA patients (41), there is an expansion of
switched memory B cells in the synovial fluid B cell compartment
compared to the periphery. These switched memory B cells
are phenotypically defined as CD19TCD27+IgD~ (41) and
express high levels of the transcript for IL-12p40. Importantly,
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FIGURE 1 | B cell development and activation in humans. B cells develop from hematopoietic stem cells generated in the bone marrow. Pro-B cells express a unique
antibody, the immunoglobulin (Ig) variable domain (Fv). They undergo re-arrangement of the heavy and light chains of this immunoglobulin (V-D-J and V-J
recombination) leading to the development of pre-B cells. A pre-B cell acquires antigen specificity by the expression of a unique BCR and surface IgM as it matures
into an immature B cell; at the this point the B cell under goes central tolerance by one of three processes: 1, receptor editing—immature B cells that react with low to
high avidity self-antigens undergo receptor editing by a secondary rearrangement at the Igk or rearrangement of the Ig allele; 2, Clonal anergy—immature B cells that
react with low avidity self-antigen can migrate to the spleen as anergic B cells; 3—clonal deletion: occurs at a low rate for those cells that fail receptor editing. If the
immature B cell survives central tolerance they develop into mature antigen-inexperienced naive B cells. In the germinal centre B cells mature into memory and plasma
cells after antigen engagement. The GC produces memory and high affinity antibody-producing plasma B cells as a result of somatic hyper mutation, clonal expansion

encounter a secondary antigen.

and class switch recombination (CSR). Terminally differentiated plasma cells migrate back to the bone marrow and memory B cells produce antibody when they

switched memory B cells in the SF express higher levels of the
co-stimulatory molecules such as CD86 indicating an important
role in auto-antigen presentation by these cells at the inflamed
site (47). Indeed, B cells isolated from the synovial fluid of
patients with JIA are more efficacious at activating isolated
allogenic T cells in vitro compared to B cells isolated from the
peripheral blood (47). To date, whether switched memory B
cells differentiate in the joint or are recruited from the blood is
currently not known. A recent study has shown that switched
memory B cells expand at an increased rate in patients with oligo-
JIA and poly-JIA and that this expansion is inhibited by anti-
TNFa therapy (48). Based on these data, it could be postulated
that these cells are then recruited to the joint. Collectively,
evidence demonstrating that B cell abnormalities in JIA can be
found both in the periphery and at the inflamed site make B
cells an interesting target for therapy, particularly those patients
whose disease is refractory to current treatment protocols namely
non-responders to methotrexate and anti-TNFa therapy.

JUVENILE SYSTEMIC LUPUS
ERYTHEMATOSUS

Systemic lupus erythematous (SLE) is an autoimmune disease
characterized by the generation of auto-antibodies directed

against nuclear components. It can present with a wide
variety of symptoms including renal, musculoskeletal and
neuropsychiatric manifestations. The disease has a prevalence
of 50-100/100,000 people in the USA and Europe (49).
Patients who are diagnosed in childhood and adolescence
make up 10-15% of this population with highest rates of
diagnosis in female patients between 12 and 16 years (50).
The juvenile-onset form of disease has many similarities with
adult-onset SLE but there are some noteworthy differences
in clinical manifestation. Juvenile SLE (JSLE) has a more
severe disease course with higher rates of aggressive renal
disease, increased mortality rates when adjusted for age and
need a higher dose of glucocorticoids such as prednisolone
(49, 51). Glucocorticoids are the backbone of JSLE therapy,

with  other DMARDs including hydroxychloroquine,
aziothioprine, sulfasalazine, mycophenolate mofetil, and
cyclophosphamide. For many young women, whose are

diagnosed pre or peri-pubertal, these drugs have life-changing
side-effects such as increasing the risk of osteoporosis,
increasing the risk in infertility problems and changes
in weight gain (52, 53). These side effects, coupled with
the increased in mortality rates and severity of disease,
demonstrate a clinically unmet need for therapeutics that
substantially improve both quality of life and reduce mortality in
pediatric patients.
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Autoantibodies

In the context of JSLE it is traditionally believed that
autoantibodies are pathogenic through the deposition of immune
complexes in the skin, renal glomerulus and sites of tissue
injury, in addition to targeting specific localized antigens.
More recently evidence suggests that autoantibodies act as
immune modulators through the recognition of nucleic acid
containing immune complexes that can directly induce cell
signaling and new gene transcription through endosomal toll-
like receptors (TLRs) (54). Thus, ANA positivity is a critical
characteristic used to define the development of SLE and is
observed in over 95% of cases. The importance of ANAs in
adult SLE has been extensively reviewed elsewhere (55, 56)
and due to the overlapping clinical spectra between pediatric
and adult onset disease these studies are extremely informative.
Both forms of the disease display positivity for a variety of
ANAs including those directed against double stranded DNA
(dsDNA) and extractable nuclear antigens (ENA) of which
examples include anti-Sm/RNP and anti-SSA/SSB (also known
as anti-Ro and anti-La autoantibodies) (55). There are however
some observed differences in autoantibody profiles between
the two diseases. It has been reported that there is a higher
prevalence of anti-dsDNA, anti-Sm and anti-RNP antibodies
in juvenile compared to adult SLE populations (57, 58), but
that significantly less JSLE patients present with anti-SSA and
anti-SSB antibodies (59). Whether these changes are caused by
differences in the severity of pathology between SLE and JSLE
remains unexplored.

Evidence on what causes the production of ANA in JSLE and
SLE can be garnered from genome-wide association scanning
(GWAS) studies. These studies have demonstrated that gene
susceptibility loci identified in lupus patients, which include
PTPN22, BTK, and LYN, are associated with the strength
of BCR signaling (60). Importantly, transgenic, congenic, or
knockout mice have demonstrated that modulation or deficiency
in molecules that control the strength of BCR signaling leads to
the productions of ANA and, in some cases, the development
of lupus-like disease. Polymorphisms in PTPN22, whose role in
BCR signaling is not well-defined, leads to hypo-responsiveness
following BCR activation, impairing B cell central tolerance by
diminishing both deletion and editing of autoreactive B cells
(61). Conversely, gain of function mutations in BTK (bruton’s
tyrosine kinase), a major adaptor of the BCR signaling cascade,
in transgenic mice leads to hyper-responsiveness of the BCR.
This reduces the activation threshold of the BCR leading to
spontaneous germinal center (GC) formation, a hallmark of
lupus-like disease in mice, and ANA production due to ineffective
deletion of autoreactive B cells during central tolerance. Similarly,
mice with B cell specific deletion in Lyn, which is a negative
regulator of BCR activation, also develop anti-dsDNA and anti-
Sm antibodies, nephritis and spontaneous GC formation. These
examples demonstrate that changes to the strength of B cell
signaling impact activation, proliferation and both negative and
positive selection of B cells, all which could lead to systemic
autoimmunity in JSLE.

Autoimmunity in many mouse models of lupus is reversed
by deletion of the toll-like receptors (TLRs) or the TLR adaptor

protein Myd88. For example, in mice where there is a B cell
specific deletion of Lyn, they no longer develop nephritis if
Myd88 is also deleted. Other significant examples include the
observation that autoantibody profiles are altered in MRL/lpr
mice based on the deletion of either TLR7 and TLRY. In humans,
the TLR7 locus is found on the X chromosome suggesting
that changes to X chromosome inactivation in immune cells
may alter autoantibody profiles (62, 63). This is of interest as
the predilection of lupus to develop in females over males is
extremely high, over 90% of reported cases in adults are in
females, and is especially high in individuals that develop JSLE
after puberty. Future studies that stratify by sex and age are
needed to address the role of X chromosome inactivation in
autoantibody production and the onset of lupus nephritis. It
is important to note that TLR-activation can drive both the
terminal differentiation of plasma cells and memory cells and
that many SLE autoantigens can be detected by the endosomal
TLR compartment (64). Thus, a positive feedback loop may exist
whereby activation of TLRs/BCR in lupus by nuclear antigens
leads to the terminal differentiation of antinuclear B cells, which
in turn produce ANA and cause immune complex deposition
and antigenic spreading. Targeting these pathways are critical
when considering the development of therapeutics in both SLE
and JSLE.

Cytokine Production and
Antigen-Presentation by B Cells

The data summarized above demonstrate that B cell hyper-
reactivity in JSLE may be, in part, driven by endosomal TLR-
activation by nuclear-antigens. Of note, TLR-activation can
drive both the terminal differentiation of B cells and induce
cytokine production by B cells. In patients with active SLE,
TLRY expression is increased on total B cells ex vivo (65).
Moreover, TLR9-activation in vitro leads to an altered cytokine
profile compared to healthy B cells which is characterized by
a reduction in TNFa, IL-10, and IL-6. This suggests that B
cells may be chronically activated in vivo (66). Studies have
also demonstrated that the regulatory B cell compartment is
abnormal is SLE, with a seminal study demonstrating that there
is an inability of CD24MCD38™ B cells to produce IL-10 in
response to anti-CD40 stimulation and an inability to suppress
inflammatory T cell differentiation in vitro (10). More recently,
it has been established that exogenous cytokine production by
other cells of the immune system also impacts B cell cytokine-
production in lupus. Plasmacytoid dendritic cells (pDCs), which
are the highest producers of IFNa in the immune system, are
chronically activated during lupus leading to over-production of
IFNa in vivo, which skews the differentiation of B cells away
from regulatory B cells toward plasmablasts (45). These studies
have focused on total lupus cohorts, encapsulating both pediatric
and adult-onset patients. Future studies should stratify how B cell
cytokine production is affected by SLE age of onset. In one study
that did focus specifically on JSLE patients, it was shown that
there is increased mRNA and protein expression of TLR3, TLR7,
TLRY in total peripheral blood mononuclear cells (PBMCs),
mirroring effects seen on isolated B cells from adult-onset lupus
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patients. In this study, it was proposed that B cells sense apoptotic
neutrophils via TLR-activation as a source of nuclear antigens
in JSLE, as blocking Myd88-dependent signaling suppress IFNa
production (67).

It is known that there are high serum levels of the B
cell activating cytokine Blys in JSLE patients (68). Although,
the cellular source of this Blys is unknown, it correlates with
disease severity marking a subset of childhood-onset patients
that develop a particularly severe form of disease (69). Studies
in mice have shown that high-levels of Blys allow autoreactive B
cells to escape deletion in the spleen and induce class switching
of antibodies without the need for T cell help. To date, there
is little research investigating the role of autoreactive T cells in
the development of lupus. However, in transgenic mice, B cell
specific deletion of MHCII, which prevents antigen-presentation
by B cells, reduces glomerular nephritis and reduces IFNy
production by T cells (70). In this study, cognate TCR-Ag-
MHCII interactions between B cells and T cells drives both T
cell activation and further promotes B cell proliferation and
differentiation. Although the importance of antigen-presentation
by B cells is under-explored in SLE in humans, it has been
demonstrated that pro-inflammatory cytokine productions by T
cell is higher in patients with JSLE compared to age-matched
controls (71). It is therefore tempting to postulate that altered T
cell cytokine production is due to aberrant antigen-presentation
by B cells.

JUVENILE DERMATOMYOSITIS

Juvenile dermatomyositis (JDM) is a rare disease, yet the most
common form of childhood autoimmune myositis that presents
with proximal muscle weakness and associated skin rash.

The mainstay treatments for JDM are prednisolone and
methotrexate. Other immunosuppressive treatments currently
used include mycophenolate mofetil, cyclophosphamide (72) and
azathioprine. At present, there is limited evidence for biologic
therapy and its efficacy in the treatment of JDM due to limited
understanding of the mechanisms underlying disease pathology.
In general adult and juvenile onset DM share a similar clinical
and pathological phenotype. However, adult onset myositis
patients have much higher associated risk of malignancy (73),
a more chronic disease course and higher mortality rate. Key
pathological differences between adult and juvenile onset DM are
that JDM patients have increased risk of neovascularisation of
capillaries, up-regulation of MHC class I on myofibers and type I
interferon response (74). Investigating the functions of B cells in
JDM may provide an insight into the mechanisms of the disease
and lead to novel therapeutic pathways.

Autoantibodies

In approximately a third of JDM cases B-lymphocytes have
been detected in inflamed muscle, and almost 50% of patients
have detectable myositis-specific (MSA) or myositis-associated
autoantibodies (MAA) (75, 76). MSA and MAA can be identified
in the serum of up to 70% of JDM patients and closely correlate
to specific homogenous clinical phenotypes (Figure 2). In adult
myositis, the most frequent group of myositis autoantibodies

detected are the anti-synthetase enzymes. The anti-synthetases
are present in 25-40% of adult patients compared to 5%
of juvenile patients (75). Longitudinal studies have also
demonstrated that MSA phenotype and muscle biopsy score at
time of diagnosis can predict the risk of staying on treatment (77).
Thus, growing empirical evidence suggests that JDM patients
should be stratified based on autoantibody subtype to predict
both disease features, such as lung involvement or calcinosis, and
to inform treatment strategies employed by clinicians (78). MSA
and MAA also act as important diagnostic tools to discriminate
JDM from other rheumatic diseases such as JSLE and JIA that
can share some similar features of JDM, such as Raynaud’s
phenomenon and muscle weakness, and may lead to incorrect
diagnoses (78). These antibodies are also useful to differentiate
JDM from other rare immune-mediated myopathies such as
those associated with anti-signal recognition particle (SRP).

The underlying cause of MSA and MAA production in
JDM is yet to be elucidated. Although it has suggested
that there is aberrant expression of some MAA and MSA
targets, namely Jo-1 and Mi-2, on regenerating muscle fiber
in myositis patients when compared to controls (79). Given
the presence of these autoantigens, and that B cells have
long been detected in the inflamed muscle of myositis
patients (80), it may be that autoantigen specific B cell
differentiation occurs in the muscle in myositis. Prospective
studies that include the phenotyping of B cells recovered
from inflammatory infiltrates in JDM muscle should determine
whether this hypothesis is correct. Other targets of MSA and
MAA antibodies include members of the nucleic acid sensing
pathway (81). The connection between auto-antibodies against
nucleic acid sensing molecules and the IFN signature, which
is a hallmark of myositis immunopathology, is yet to be
ascertained. However, taken together these data strongly suggest
that aberrant sensing of nucleic acids is central in disease
pathogenesis by driving both IFN production and production
of autoantibodies against these molecules (82-84). Future work
will need to establish what causes auto-antibody production
against these molecules and what is the effect on B cell
differentiation/activation.

Cytokine Production and

Antigen-Presentation by B Cells

Due to the rarity of JDM cases, it is extremely hard to carry
out functional assays to understand what underlies B cell
dysfunction in JDM. Nevertheless, large cohorts of JDM patients
such as Juvenile Dermatomyositis Cohort Biomarker Study and
Repository (UK and Ireland) (JDCBS) and the Myositis Genetics
Consortium (MyoGen) are now being used to address how B cell
function is altered in children with JDM (85, 86). For example,
using patients recruited to the JDCBS, it was recently reported
that CD197CD24MCD38" B cells are expanded in the peripheral
blood of JDM patients that are naive of immunosuppressive
treatment, demonstrating that similarly to other rheumatic
disorders normal B cell development is affected. In this study, it
was also demonstrated that cytokine-production by immature B
cells is altered in JDM, exhibiting a pro-inflammatory phenotype
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autoantibody in juvenile cases is associated with mild muscle and skin disease, but strongly associated with interstitial lung disease (ILD). In adult [IM anti-Jo-1 is the
most common of the anti-synthetase autoantibodies and is associated with ILD, arthritis, fevers, Raynaud’s phenomenon and mechanic’s hand. The majority of
mortality in adult and children IIM patients is due to ILD. In rare cases treatment with statins can trigger an immune-mediated necrotizing myopathy that can be
characterized by the presence of an autoantibody against HMGCR, the pharmacological target of statins. ARD, autoimmune rheumatic disease; SRP, signal
recognition particle; HMGCR, 3-hydroxy-3methylglutaryl-conenzyme A reductase; TIF1, transcription intermediary factor 1; NXP2, nuclear matrix protein 2; MDAS,
melanoma differentiation-association gene 5; SAE, small ubiquitin-like modifier activating enzyme; SNT1A, cytosolic 5 nucleotidase 1A; Mi-2, nucleosome-remodeling
deacetylase complex, Jo-1, histidyl tRNA synthetase; PL7, threonyl tRNA synthetase; PL12, ananyl tRNA synthetase; OJ, isoleucyl tRNA synthetases; EJ, glycyl tRNA
synthetase; KS, aspararginyl tRNA synthetase; Zo, phenylalanyl tRNA synthetase, Ha; tyrosyl tRNA synthetase; snRNP, small nuclear ribonucleic protein.
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after activation through TLR7 and IFN-«a (84). To our knowledge,
there is only one other report showing that cytokine production is
affected in JDM B cells. The data was presented as part of a larger
study comparing IL-10 production by B cells from children with
autoimmune disease with healthy controls. In this study, as part
of a collection with JSLE and undifferentiated or overlap (mixed)
connective tissue disease patients, JDM patients were shown to
have a reduced percentage of B10 cells; a population of regulatory
B cells that have been identified in human and mouse (87).

To date, there are no studies published that directly investigate
whether antigen presentation by B cells is altered in patients
with JDM. However, a GWAS study carried out by MyoGen
demonstrated that susceptibility of disease was associated with
SNPs within the MHC locus (88). Miller et al. have also reported
that risk of JDM development was particularly associated with
the HLA haplotype HLA-DRBI*0301 (89). Future studies are
needed to directly understand how this affects auto-reactive T
cell activation by B cells in JDM and whether this is altered
in different autoantibody subtypes. Greater understanding of
the B cell component that underlies JDM pathogenesis will
provide evidence for the efficacy of B cell-targeted-therapies for
this disease.

B CELL TARGETED-THERAPIES IN
PEDIATRIC RHEUMATIC DISEASE

B Cell Depletion Therapy
The most well-known and widely used B cell depletion therapy
for the treatment of rheumatic disease is Rituximab. This

chimeric monoclonal antibody targets the surface protein CD20
expressed mainly by memory and naive B cells and results
in depletion by antibody-dependent cytotoxicity, complement-
mediated lysis or apoptosis (90). Table 1 summarizes the B cell
depletion therapeutic agents that have been trialed in pediatric
rheumatological diseases. The original rationale for treatment
of adult patients with rheumatoid arthritis with rituximab, circa
1998, was that depletion of the memory B cell compartment
would influence immune cell interactions that could potentially
“re-set” immunological tolerance as crucially auto-antibody
producing plasma cells no longer express CD20 (94). Although
the actual picture is more complicated, numerus randomized
trials have now confirmed that B cell depletion therapy with
rituximab has some beneficial effects in the treatment of
adult disease.

Despite failing to meet primary endpoints in two large
double-blind randomized, placebo-controlled trials investigating
both renal [LUNAR (91)] and non-renal [EXPLORER (95)]
manifestations of SLE in adults, rituximab has been subsequently
demonstrated as a potentially effective treatment in both adults
and children with refractory disease (96). Although not currently
approved by the UK national institute of clinical excellence
(NICE), rituximab can be prescribed at the discretion of the
treating physician on the basis of a specialist NHS England
interim commissioning policy. It has been suggested that both
LUNAR and EXPLORER trials may have failed to demonstrate
efficacy for a number of reasons including problems with
the study design, which is frequently quoted in the cases
of clinical trials investigating the efficacy of new therapeutics
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in SLE. Factors including high background steroid doses in
the control group and issues with end-point measurements
are likely to have contributed to this. It is important to
note that evidence from animal models suggests that lupus-
prone MRL mice are surprisingly refractory to B cell depletion
due to high levels of serum IgG inhibiting FcyR-dependent
phagocytosis by macrophages and neutrophils (97). Further
studies are needed to understand whether lupus patients that
do not respond to B cell depletion therapy have a similar
acquired deficiency in their myeloid compartment caused
by the burden of endogenous auto-antibody associated with
disease pathology.

For pediatric rheumatic disease, very few formal trials
exist that have investigated the efficiency of B cell depletion
therapy in suppressing disease symptoms. In spite of this,
Rituximab is increasingly being used as an adjunctive therapy
to treat children with JIA, JDM and JSLE. Importantly, despite
the well-established use of Rituximab in RA, it is currently
infrequently used as a biologic in RF+ poly-JIA, which, as
discussed above, is thought of as the early-onset equivalent
of RA. Future clinical trials are essential to establish its place
in the clinician’s therapeutic arsenal in the treatment of RF+
poly-JIA. In terms of oligo-JIA and RF- poly-JIA, especially
those that have ANA, there is considerable evidence that
rituximab treatment may be a worthwhile treatment option.
Several case studies have demonstrated that rituximab therapy
can produce sustained clinical improvement in patients with
refractory disease (98-100). Currently, rituximab is often only
considered following the failure of first-line treatments such as
TNF inhibitors and methotrexate in both pediatric and adult
disease. Taking-into-account the strong B cell signature observed
in JIA patients with early-onset disease, rituximab treatment
could potentially benefit these patients if used prior to failure
to first-line therapies and could therefore prevent sustained
disability as a result of established joint damage in some of
these patients.

In JSLE, a retrospective cohort study recently reported that
the use of rituximab for the treatment of active or refractory
disease is increasing. There is increasing evidence to support
that this treatment is effective in reducing specific disease
activity biomarkers in SLE. Rituximab has been shown to reduce
steroid use (and therefore importantly decrease the incidence
of side-effects associated with long term corticosteroid use) in
those not responding to standard therapies (101). It has been
suggested that adverse reactions to rituximab are increased in
JSLE patients compared to adult-onset SLE patients’ (102). For
example, half the children recruited to a small study in France
reported by Willems et al. developed thrombocytopenia and
neutropenia following treatment. However, it is often difficult
to distinguish what findings are a result of side effects to
treatment with rituximab and what may be attributed to an
underlying disease flare (102). In comparison, another small
study by Marks et al. (103) reported no side-effects or adverse
reactions. This highlights the need for larger studies to prevent
sampling bias and to establish the safety profile and efficacy
of rituximab in childhood onset disease. Problems with study
design in adult SLE, which include the treatment of rituximab

alongside many other medications and lack of an appropriate
control group, are also present in JSLE. Appropriate trials in
adults and children are now required as the subtle immunological
differences observed between SLE and JSLE means that rituximab
treatment may have a different efficacy in disease depending on
age of onset.

One of the few pediatric diseases where rituximab has been
trialed is in JDM, in a study by Oddis et al. where efficacy in adult
DM and JDM were compared (92). Although the primary end
point of the randomized control trial was not met, Oddis et al.
showed that a higher proportion of JDM patients (87%) treated
with rituximab met the definition of improvement more quickly
than adult dermatomyositis (ADM) patients (78%). These results
might imply that B cells in JDM are either more pathogenic than
in ADM, or perhaps B cells have a greater regulatory role in
ADM compared to JDM. Future studies are needed to address
these differences.

It is important to note that some patients with pediatric
rheumatic disease are refractory to first-line therapies and thus
may require monoclonal antibody therapy, such as rituximab.
Clinical trials that directly compare rituximab therapy with
methotrexate alone, TNF inhibiting drugs or, where appropriate,
anti-IL-6 therapy would be extremely informative to help stratify
treatment efficacy when compared to other current treatment
strategies. Development of other CD20-targeting monoclonal
antibodies is ongoing, recent additions include ofatumumab
(104) and veltuzumab, which have a similar mechanism of
action to rituximab. Notably, ofatumumab is a fully humanized
form of CD20, which has been demonstrated to be effective in
adults and children with SLE who have had adverse reactions to
rituximab (104).

Other B Cell-Targeting Therapies
Further to B cell depletion therapy, there are other biologics
in clinical practice with a method of action that targets B
cell activation/function (Figure 3). The most well-known of
which are Belimumab (a monoclonal antibody that inhibits
BAFF/Blys) and Abatacept (which binds CD28 on T cells
thus preventing its interaction with CD80/CD86 on antigen-
presenting cells such as B cells). Data demonstrating that
Blys levels in the sera differ between JIA and JSLE patients
suggests that Belimumab treatment may be more efficacious
in diseases that have higher levels of BAFF such as JSLE.
Belimumab is currently FDA approved for the treatment of adult-
onset SLE and there is currently an ongoing trial in pediatric
lupus (PLUTO - NCTO01649765) to investigate the safety and
pharmacokinetics of this treatment in disease. Although PLUTO
is yet to report, there is an abstract reporting that background
steroid treatment was tapered in 63% of JSLE patients treated
with Belimumab suggesting a favorable effect on disease (93).
To our knowledge, similar studies do not yet exist in JIA
or JDM.

Abatacept is primarily thought of as a drug that targets
T cell function by preventing its interaction with antigen-
presenting cells, which include both B cells and dendritic cells
(DCs). Importance of B cells in the efficacy of abatacept-
treatment is demonstrated by studies showing that in RA patients
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FIGURE 3 | B cell-targeted therapeutics. There are three main categories of B
cell targeting therapeutics. (A) Chimeric monoclonal antibodies against CD20
(e.g., rituximab) which target B cells for depletion by antibody-dependent
cytotoxicity, complement-mediated lysis or apoptosis. (B) Monoclonal
antibodies that bind B cell activating factor/B-lymphocyte stimulator
(BAFF/BLYS) (e.g., Belimumab) preventing B cell proliferation and survival.

(C) Abatercept, a fusion protein of CTLA-4 and a fragment of the modified Fc
domain of human IgG1, that binds to CD28 on T cells preventing the
interaction with CD80/CD86 on antigen-presenting cells inhibiting T cell
activation and differentiation.

abatacept-treatment is dependent upon the baseline levels of
memory B cells (which express higher levels of CD80/CD86)
(105, 106). There is also some evidence that abatacept inhibits
phosphorylation of Syk in PB B cells from RA patients, potentially
directly altering intracellular signaling cascades which affect
B cell activation and proliferation (107). Although, abatacept
treatment is likely to affect multiple immune cell subsets,
these data demonstrate a decisive effect of this drug on the
B cell compartment.

At present, in the UK, NICE only recommends Abatacept
treatment for poly-JIA patients who are over 6 years of age, whose
disease has not responded to treatment with a disease-modifying
anti-rheumatic drug (DMARD) or at least one TNF inhibitor.
This means to date that no studies have directly compared the
efficacy on abatacept to drugs such as adalimumab and etanercept
as clinical trials have focused on patients that have failed TNF
therapy (108). The safety profile of Abatacept is thought to be
generally good and studies have demonstrated that there is a
favorable response in 70% of patients. Studies have also suggested
a possible efficacy in oligo-JIA patients with Uveitis who have also
failed TNF inhibition therapy (109). In the future, it should be
possible to target patients that have mutations in PTPN22, a JIA
susceptibility locus, which encodes a tyrosine phosphatase that
downregulates CD28 activation (110). These patients are likely to
fall across all JIA subtypes.

The efficacy of Abatacept treatment for JSLE and JDM
is much less well-defined. Indeed, all trials investigating its
efficacy of Abatacept in adult-onset SLE have not reached their
primary end-point, although this is likely to be to problems in
clinical trial design in lupus, similarly to those conducted with
Rituximab, as there is some evidence it suppresses the severity
of nephritis (101). In JDM, there is a case study suggesting
that Abatacept-treatment suppresses recalcitrant disease that is
complicated by calcinosis formation and there is a phase 4
interventional clinical trial (NCT02594735) underway to assess
the safety and efficacy of subcutaneous abatacept in 10 patients 7
years of age and older with refractory JDM (111). Future work
is necessary to establish its efficacy in both juvenile SLE and
DM patients.

CONCLUDING REMARKS

B cell depletion therapy has improved the lives of many
patients with adult-onset autoimmune rheumatic disease. The
data summarized above demonstrate that B cell dysfunction is
also central to the pathology of many patients with pediatric-
onset rheumatic disease. However, due to inherent problems
in the design and approval of clinical trials focused on
pediatric-onset disease, the understanding of the efficacy of
B cell depletion/targeting therapies is years behind that of
adult rheumatic disease. The future of clinical practice will
be centered around the stratification of patients and the
increased cost-efficiency of multi-omics platforms means the
age of personalized medicine is fast approaching. We propose
that future stratification of JSLE, JDM, and JIA will identify
a subset of patients whose disease is driven by a B cell
component, which makes them ideal candidates for B cell
depletion/targeting therapies, and that treatment protocols will
be applied which define patients by immune-phenotype rather
than by clinical manifestation. For these changes in clinical
practice to take place, correctly controlled clinical trials must be
performed that assess the safety, efficiency and pharmacokinetics
of B cell targeting biologics in children, which is likely to
be drastically different to adults. In particular, the effect of
these drugs on the immature immune system should be
addressed. This will provide information on particular drug
profiles, but will also provide information on the processes
underlying B cell development in early-life. Notably, there
are relatively few studies that have carried out consensus
B cell phenotyping in pre and peri-pubertal individuals.
Moreover, to date, there are no studies that stratify B cell
responses in children and young people by sex, despite an
appreciation that there is a sex-biased development of rheumatic
disease in women. Future studies are needed to improve the
characterization of basic B cell biology in healthy children and
those with autoimmune disease, which will aid the understanding
of the usefulness of B cell depletion therapy in pediatric
rheumatic disease. We believe this will allow current treatment
protocols to be updated so that they more effectively target
the “window-of-opportunity” based on immune-phenotype,
hopefully preventing long-term disability in children with
musculoskeletal disease.
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Autoimmune and auto-inflammatory diseases in children are causing chronic
inflammation, organ damage, and pain. Although several options for treatment are
nowadays available a significant number of patients does not respond sufficiently
to current therapies. In these diseases inflammatory processes are triggered by
numerous exogenous and endogenous factors. There is now increasing evidence
that especially a novel family of pro-inflammatory molecules, named alarmins, play
a significant role in inflammatory processes underlying these diseases. Alarmins are
endogenous proteins released during stress reactions that confer inflammatory signaling
via Pattern Recognition Receptors (PRRs), like the Toll-like receptor 4 (TLR4). The most
abundant alarmins in juvenile rheumatic diseases belong to the family of pro-inflammatory
calcium-binding S100-proteins. In this review we will give a general introduction in
S100-biology. We will demonstrate the functional relevance of these proteins in animal
models of autoimmune and auto-inflammatory diseases. We will show the expression
patterns of S100-alarmins and correlation to disease activity in different forms of juvenile
idiopathic arthritis, auto-inflammatory diseases, and systemic autoimmune disorders.
Finally, we will discuss the clinical use of S100-alarmins as biomarkers for diagnosis and
monitoring of rheumatic diseases in children and will point out potential future therapeutic
approaches targeting inflammatory effects mediated by S100-alarmins.

Keywords: S100, alarmins, autoinflammation, biomarker, DAMP, rheumatic diseases

DANGER SIGNALS, ALARMINS AND PATTERN RECOGNITION
RECEPTORS IN INFLAMMATION

It is now widely accepted that most pediatric rheumatic diseases are driven by mechanisms of both
autoimmunity and auto-inflammation (1). It is believed that aberrant activation of dendritic cells
(DC) due to presentation of autoantigens to T-cells in the context of pathological co-stimulation
results in development of immune reactivity toward native antigens driven by autoreactive T- and
B-cells. However, in many classical autoimmune diseases no dominant autoantigen has been
identified so far and there is now increasing evidence that antigen-independent but self-directed
inflammation, driven by local factors released during tissue damage or cellular stress, leads
to activation of innate immune cells (2, 3). Primarily, inflammation is a protective response
of the organism to infections or tissue damage eventually resulting in the elimination of the
harmful trigger and tissue repair (4). However, rare inborn diseases of innate immunity, so-called
auto-inflammatory diseases, demonstrated that uncontrolled activation of cytokine cascades,
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mutations leading to recurrent tissue or cell damage or aberrant
receptors for detection of microbes may result in tissue specific
recurrent inflammation (3). Cells of the innate immune system,
first of all neutrophils and monocytes, recognize invading
pathogens by so called pathogen associated molecular patterns
(PAMPS), conserved structures specific for a distinct group of
microorganisms, like LPS of gram-negative bacteria or single
stranded RNA of viruses. These hallmarks of invading pathogens
are recognized by conserved receptors on immune and non-
immune cells called pattern recognition receptors (PRRs). PRRs
include the toll like receptors (TLRs), which are highly conserved
in different species and were first identified in drosophila,
a species that does not possess an adaptive immune system
(5). Upon binding of these PAMPS to specific receptors a
transcriptional response is initiated resulting in the production
of inflammatory cytokines like interleukin-1f3 (IL-1), IL-6, or
tumor necrosis factor (TNF) as well as of chemokines to promote
the recruitment and activation of inflammatory cells at the site
of infection/injury in order to combat pathogens and tissue
damage (5). It is now clear that some PRRs, in addition to
PAMPS, can also recognize own cellular molecules that are
released during cell stress and tissue injury. In analog to PAMPs
they are called DAMPs (damage or danger associated molecular
patterns) or alarmins (Figure 1). Most alarmins are primarily
intracellular molecules involved in different cellular processes.
After release during cell damage or secretion by activated cells
they act as extracellular danger signals. Like PAMPs, alarmins
are recognized by PRRs (6). Interestingly, some receptors such
as the TLR4 seem to be able to recognize PAMPs as well
as alarmins (2, 7) Like PAMPS the recognition of alarmins
induces a transcriptional response resulting in strong local sterile
inflammation (8). Under physiological conditions the function

of this inflammatory program is the induction of a tissue
repair/remodeling situation resulting in reconstitution of the
integrity of the organism. Alarmins include amongst others heat
shock proteins (HSP60, 70, Gp96), high mobility group box 1
protein (HMGB1) but also S100-proteins (S100A8/S100A9 and
S100A12,) which are the main topic of this review (8). In addition
to proteins also lipoproteins and fatty acids, proteoglycans as well
as nucleic acids can serve as alarmins.

Characteristic for all alarmins is the recognition by conserved
receptors. S100-proteins for example are recognized by the
TLR4/MD2 complex, while heat shock proteins are recognized
by TLR2. As a functional consequence the expression of the
receptors on different cell types also restrict their biological
activity. Both TLR4 and TLR2 are expressed extracellularly,
while dsDNA, ssRNA or DNA-immune complexes are sensed
by intracellular receptors like TLR7 and TLRY (9). Depending
on the structure of the alarmin the binding to the receptor
results in a downstream response similar to the binding of a
pathogen. Alarmins are important signals to induce tissue repair
mechanisms. However, there is current evidence, that excessive
or inappropriate amounts and locations of alarmins can induce
harm to tissue as well. High amounts of HMGB1 and HSP 70
for example have been identified in the synovia of rheumatoid
arthritis patients (10, 11), dsDNA complexes induce interferon
signaling in dendritic cells (12) and even serve as diagnostic
criteria of systemic lupus erythematosus (SLE). In addition,
incubation of healthy tissue or cells with alarmins can induce a
sterile inflammation (13), while specific deletion of alarmins in
genetically targeted mice results in amelioration of experimental
disease like arthritis or sepsis. Thus, the whole system of alarmins
as an inducer of cell injury on the one side and of tissue repair on
the other side needs to be tightly controlled.

‘ Inflammation ‘
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e
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FIGURE 1 | Pathogen associated molecular pattern molecules (PAMPS) are released by bacterial pathogens during infections (1). Accordingly, tissue stress or
cellular activation may lead to release of endogenous alarmins or danger associated molecular pattern molecules (DAMPs) under sterile conditions (2). PAMPs and
alarmins/DAMPs bind to and activate specific pattern recognition receptors on effector cells (3), which promote inflammatory processes.
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This suggests that alarmins as well as their binding partners
(TLRs) can serve as therapeutic targets in certain disease settings.
An example of this is again SLE, in which the drug chloroquine
alters the pH of lysosomes, where TLR7 and 9 are located
and thereby reduces the binding affinity of ds-DNA immune
complexes to TLR9 and downregulates interferon production (9).
The use of chloroquine has now come to a renaissance and is
recommended for the basic treatment of SLE and used in nearly
every patient (14).

THE FAMILY OF S100-PROTEINS

The most abundant alarmins in many inflammatory disorders,
S100A8 and S100A9, belong to the group of S100-proteins
defining a family of small (molecular weight of about 10-
12 kDa) calcium-binding molecules. Members of this S100-
protein family are characterized by a tissue or cell type-specific
expression pattern. All S100-proteins have two calcium-binding
sites of the so-called EF-hand type (15-17). Binding of calcium
to these calcium binding sites induces conformational changes
resulting in interaction of S100-proteins with different ligands
or binding to specific receptors. A typical characteristic of most
S100-proteins is the formation of homodimers, heterodimers
and/or higher oligomers. Intracellularly S100-proteins have been
described to be involved in many processes including cell cycle
control, proliferation, differentiation, migration, metabolism,
cellular dynamics, signaling, and cell death. A close correlation
between high expression and release of different S100 proteins
with disease activity has been shown in many inflammatory
diseases, e.g., theumatoid arthritis (RA), inflammatory bowel
or lung disease, but also in Alzheimer’s disease, cardiovascular
disease and cancer (2, 15).

S100A8 AND S100A9: MAJOR
CALCIUM-BINDING PROTEINS IN
MONOCYTES AND GRANULOCYTES

As mentioned above the most abundant alarmins in many
clinically relevant diseases are S100A8 and S100A9. Both proteins
have been initially described as myeloid-related protein 8 (MRP8)
and MRP14 due to the fact that both molecules are expressed
in high amounts in neutrophilic granulocytes and inflammatory
monocytes/macrophages whereas they cannot be found in
lymphocytes or resting tissue macrophages. In granulocytes
S100A8/S100A9 represent more than 40% of the detergent
soluble protein amount, in monocytes up to 5% (18). Synonyms
of S100A8 and S100A9 are calgranulin A and calgranulin B,
respectively, and complexes of both molecules have been also
described as calprotectin. In addition, expression of both proteins
is induced in some epithelial cells of gut and skin, osteoclasts and
synoviocytes during inflammatory processes (7, 19).

Like many alarmins SI00A8 and S100A9 exhibit primarily
intracellular functions. Critical for biological functions of
these proteins is formation of non-covalently associated
hetero-complexes. S1I00A8/S100A9 heterodimers represent the
structural basis of these proteins, monomers are not stable

and homodimers seem not to play a relevant role in humans.
With increasing calcium concentrations two S100A8/S100A9
dimers associate to (S100A8/S100A9), hetero-tetramers (20).
Complexes of S100A8/S100A9 have been described to modulate
cytoskeleton-membrane interactions in a calcium-dependent
manner, which seems to be of relevance for cellular dynamics and
migration of phagocytes. The latter effect seems to be mediated
by regulating activity of small GTPases and polymerization of
microtubules. The effect on tubulin polymerization is controlled
by phosphorylation of SI00A9 on threonine 113 by p38 mitogen-
activated protein kinase (MAPK) (21). However, the intracellular
functions of SI00A8 and S100A9 are not well-defined.

SECRETION AND EXTRACELLULAR
EFFECTS OF S100A8/S100A9

Beside the intracellular effects described above, S100A8 and
S100A9 are secreted during many inflammatory diseases
triggering inflammatory functions in many cell types, for
example, endothelial cells, phagocytes, lymphocytes, or
osteoclasts (22). S100A8 and S100A9 have been ascribed
several extracellular functions, but the mode of secretion is
still not completely clear since both proteins lack the necessary
leader sequences for transport and release of the classical
pathway via endoplasmic reticulum and Golgi complex. One
potential mechanism is the passive release of both proteins due
to necrosis of neutrophils and monocytes during inflammatory
processes or during the formation of neutrophil extracellular
traps (22). However, concentrations of these S100-proteins
in sera do not correlate well with parameters of cell death.
There is also a specific and energy-dependent release of
S100A8/S100A9 by human monocytes which is induced within
minutes after activation of these cells and which depends on
activation of protein kinase C. Inhibitors of vesicular traffic
through the endoplasmic reticulum and Golgi complex do
not block release of S100A8/S100A9. The same is true for
inhibitors of protein translation indicating that preformed S100-
proteins are released during phagocyte activation. However,
secretion of SI00A8/S100A9 is an energy-dependent process
and is significantly reduced by inhibitors of cellular energy
metabolism and oxidative phosphorylation confirming an
active and specific release pathway for these proteins (23).
After induction of secretion S100A8/S100A9 complexes co-
localize with microtubules and colchicine inhibits release of
these molecules. Thus, the process of release is clearly distinct
from classical secretion (eg., TNF) but shows also differences
to the alternative pathway of release of IL-18 (23). In vivo
interaction of E-selectin with P-selectin glycoprotein ligand 1
(PSGL-1) triggers release of SI00A8/S100A9 during rolling of
neutrophils on TNF activated endothelial cells. Subsequently,
S100A8/S100A9 act as an autocrine player promoting leukocyte
adhesion to endothelium and transmigration. This process
involves rapid 32 integrin activation in a GTPase-dependent
manner which results in reduced leukocyte rolling velocity
and increased adhesion (24). Additional inflammatory
stimuli of S100A8/SI00A9 release in neutrophils include
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C5a, N-Formylmethionyl-leucyl-phenylalanine (fMLP), or
monosodium urate crystals in a tyrosine kinase (Src)/spleen
tyrosine kinase (Syk)- and tubulin-dependent manner (25).

S100A8/S100A9 acts on different cell types and induces several
molecular pathways highly relevant in the pathology of arthritis.
On endothelial cells SI00A8/S100A9 induce an inflammatory
response resulting in induction of cytokines, loss of cell-cell
contacts, and increasing permeability of endothelial monolayers
(26). Recently, we performed a genome-wide expression analysis
with S100A8-stimulated monocytes. This analysis identified
around 500 up- and 1,000 downregulated genes that were
overrepresented in specific functional clusters, such as immune
cell activation, cell migration, leukocyte activation, and signal
transduction (NF-kB signaling) (27). SI00A8/S100A9 induces
expression of cytokines like TNF and IL-6, chemokines like
CXCL-10 as well as matrix metallo-proteinases MMP3, MMP9,
and particularly MMP13 which is involved in cartilage and bone
metabolism (27, 28).

However, continuous stimulation of TLR4 with
S100A8/S100A9 may induce a status of “tolerance” in phagocytes
as described for PAMPS like LPS and alarmins like heat shock
proteins or HMGB1 (29-31). In addition, prolonged exposure
of myeloid progenitor cells modulates development of dendritic
cells and so called myeloid derived suppressor cells depending
on time and dose of S100-stimulus (32).

S100A8/ S100A9 has an anti-apoptotic effect on neutrophils
and increases cell survival, a pathway involving TLR4,
CD11b/CD18, and mitogen activated protein kinase
signaling (33).

RECEPTORS FOR S100A8/S100A9

After release into the extracellular compartment SI00A8/S100A9
molecules are enriched at sites of inflammation by binding
glycosaminoglycans. In addition, SI00A8/S100A9 may interact
with specific receptors, TLR4 and the receptor for advanced
glycation end products (RAGE) (34). Another receptor,
EMMPRIN (synonyms BASIGIN and CD149), binds S100A9
and has been reported to trigger monocyte/macrophage
migration. However, the physiological relevance of this receptor
for S100-biology is yet not clear (35).

Although S100A8/S100A9 bind to RAGE and especially
carboxylated N-glycans expressed on this receptor knock-
out of RAGE in myeloid cells does not interfere with the
inflammatory response induced by SI00A8/S100A9. In contrast,
knock-out of TLR4 in murine phagocytes completely abolishes
the response of these cells toward S100A8/S100A9 stimulation
(36). The relevance of S100A8/S100A9-mediated TLR4 signaling
was confirmed in human monocytes demonstrating an almost
identical expression pattern induced by the classical TLR4-
ligand LPS and S100A8 (27). Accordingly, transfection of HEK
cells with TLR4 induces S100-sensitivity of these cells whereas
RAGE transfection has no effect. S100A8/S100A9-binding to
TLR4 activates MyD88 and TRIF-dependent signaling and results
in activation of NF-kB and induction of inflammatory gene
expression (27, 36).

Since TLR4 is also the LPS receptor possible endotoxin
contamination of purified SI00A8/S100A9 could be a major bias
regarding inflammatory effects of these proteins. However, this
possibility was excluded in several independent approaches. First
of all, knock-out of S100A9 in mice has an anti-inflammatory
effect in many murine models even under sterile conditions in the
absence of any microbial stimulus (7, 22, 28). Furthermore, LPS
contaminations of S100 charges were excluded by Limulus assay.
Blocking LPS by the endotoxin antagonist polymyxin B has no
effect on SI00A8/S100A9 activities. Heating of S100A8/S100A9
samples on the other hand completely abolished inflammatory
activities of these proteins under conditions which have no
influence on LPS activity in the same experiments (27, 36). Last
but not least, we have recently identified the specific TLR4-
binding site within the S100A8 and S100A9 molecules which
were confirmed by targeted mutagenesis, peptide binding and
structural analysis. Point mutations in the TLR4-binding site of
S100A8 or S100A9 abolished inflammatory activity which is the
final proof to exclude any effect by LPS contaminations (37).

Recently we unraveled a novel regulatory mechanism which
restricts the inflammatory effects of SI00A8/S100A9 to the
local process of inflammation. Interaction of S100A8/S100A9
with TLR4/MD2 is mediated by peptide sequences of about
10-15 amino acids within the second calcium-binding EF-
hands of both S100-subunits. These TLR4 binding structures
are freely accessible in heterodimers of S100A8/S100A9
which are released during inflammation by monocytes,
macrophages and granulocytes. In the presence of high
extracellular calcium concentrations S100A8/S100A9 dimers
associate to (SI00A8/S100A9), tetramers which hide the
specific TLR4/MD2-binding peptides within the tetramer
interphase, thus representing an auto-inhibitory process
limiting S100-effects to local sites of inflammation and avoiding
undesirable systemic effects (Figure2). Loss of this auto-
inhibitory mechanism results in fatal inflammation in an animal
model of TNF-driven arthritis and psoriasis (37).

S100A8/A9 IN ARTHRITIS AND
AUTOIMMUNITY

S100A8 and S100A9 were initially identified as the two major
calcium-binding proteins highly expressed in inflammatory
granulocytes and macrophages during RA (38). Synovitis during
RA is characterized by a high abundance of neutrophils and
macrophages expressing S100A8 and S100A9 especially at the
cartilage-pannus junctions indicating that S100-expression is
closely associated with cartilage destruction and bone erosion
in arthritis. Concentrations of S100A8/S100A9 are very high at
the side of inflammation, ie., the synovial fluid, and correlate
well with serum concentrations and disease severity in patients
with RA (39). Also, in psoriasis arthritis patients, expression of
S100A8 andS100A9 is very high in the synovial sub-lining layer
and particularly in perivascular areas (40).

Functional relevance of S100A8/S100A9 expression was
further confirmed by analysis of experimental models of
arthritis and synovial inflammation in S100A9™/~ mice.
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FIGURE 2 | Various inflammatory triggers lead to local release of S100A8/S100A9 dimers by activated monocytes or granulocytes (1). S100A8/S100A9 may bind to
TLR4 on different target cells and amplify and perpetuate the inflammatory response (2). With increasing calcium concentrations toward systemic circulation
S100A8/S100A9 dimers bind calcium ions (3) and form (S100A8/S100A9), tetramers (4) which show no inflammatory activity any more due to the fact that the TLR4
binding site is hidden in the tetramer interface. In systemic circulation high calcium concentrations prevent systemic inflammatory side effects by stabilization of
inactive (S100A8/S100A9), tetramers (5) which, however, are useful biomarkers for monitoring local disease activity.

(inactive)

Lack of S100A8/A9 expression decreases joint inflammation,
protease expression and cartilage destruction during antigen-
induced arthritis (28). In this context S100A8 induces activating
Fcy receptors I and IV in macrophages in inflamed synovium
in a TLR-4 dependent manner which eventually results in bone
erosion (41, 42). There is a synergetic effect between TNE, IL-
183, IL-17, and S100A8 leading to induction of erosive MMPs
and exaggeration of cartilage erosion during arthritis (43). In
addition, SI00A8 and S100A9 have been shown to promote the
development of functional autoreactive CD8+ T-cells in a mouse
model of CD40L-induced lupus-like disease (44).

EXPRESSION OF S100A12 IN
INFLAMMATORY PROCESSES

The third S100-protein expressed in granulocytes and monocytes
is S100A12. Expression of S100A12 correlates closely with
S100A8/S100A9, however, in at least 10-fold lower quantities.
S100A12 resulted from a duplication of the SI00A9 gene
during evolution (15, 45). However, expression levels obviously
decreased significantly compared to S100A9 during evolution
and the gene is disrupted and no S100A12 protein is found
in rodents including mice. Biological activity of SI00A12 is

low compared to S100A8/S100A9. There is no clear evidence
in vivo whether S100A12 has a relevant function in inflammatory
processes. However, expression of this protein correlates very
well with disease activity in many pathological conditions and
S100A12 is a useful biomarker for monitoring disease activity
in many clinically relevant disorders like rheumatoid arthritis,
inflammatory bowel disease, vasculitis, or psoriasis (46-48).

S100 PROTEINS AS BIOMARKERS OF
INFLAMMATION

Since alarmins and cytokines are essential part of the
pathophysiology of pediatric rheumatic diseases they are
candidates for biomarkers of inflammatory processes. However,
to be useful biomarkers should be able to support initial
diagnosis, reflect disease activity, and predict the further
outcome of inflammatory diseases with high diagnostic accuracy.
Feasible biomarkers should be obtained through non-invasive,
easily performed, reproducible, and cost-effective procedures.
S100 proteins are part of the local inflammatory process
and reflect the disease activity when measured in the serum.
Phagocyte-specific S100-proteins have been established as
useful markers of both local and systemic inflammation.
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They correlate with disease activity in rheumatic diseases,
vasculitis, inflammatory bowel disease, pulmonary diseases, and
infections (46-58). Their stability makes these proteins useful as
biomarkers for the monitoring of pediatric rheumatic diseases in
clinical practice. S100 proteins are stable at room temperature for
several days in separated serum, so serum samples can be sent
at room temperature (59). Additionally, commercial assays are
available especially for the detection of SI00A8/S100A9 but only
some of these assays are certified for use in clinical diagnostics.
However, these assays are not strictly comparable and especially
the concentrations vary among different providers. Therefore,
a strict evaluation including validation and standardization
of these assays is mandatory before introducing commercial
assays in clinical practice. For some of these assays validation
studies have been already performed and some assays can be
recommended for use to confirm inactive disease in clinical
practice (60). However, all available assays have a limited linearity
in serum compared to standard buffer at higher concentrations
often requiring serial dilutions of individual samples. Serum
concentrations of S100-proteins are independent of age and
gender (59). Normalization of S100 levels can take 8 [in CAPS
with effective canakinumab treatment (61)] to 30 days [in SJIA
with effective anakinra treatment (62)].

S100 PROTEINS IN PEDIATRIC
RHEUMATIC DISEASES

Juvenile Idiopathic Arthritis (JIA)
Pathophysiology and Marker of Disease Activity

Over the last 20 years the importance of S100-proteins as
biomarkers of inflammatory activity and the understanding
of its pathogenetic role in JIA has evolved rapidly. In 2000,
Frosch et al. could demonstrate that SI00A8 and S100A9 are
specifically released during interaction of activated monocytes
with TNF-stimulated endothelial cells. In JIA patients, SI00A8,
and S100A9 were strongly expressed in infiltrating neutrophils
and monocytes within the inflamed joints and could be found
in significantly higher concentrations in synovial fluid compared
with serum. After intraarticular triamcinolone therapy, the serum
concentrations of SI00A8/S100A9 decreased significantly in the
serum of therapy responders, whereas no differences were found
in patients who showed no clinical benefit (63).

Comparable results could be obtained for S100A12. SI00A12
serum concentrations were determined in 124 patients with
chronic active polyarticular, oligoarticular, or systemic-onset JIA
(SJIA). The mean serum level of SI00A12 was 395ng/ml in
patients with active polyarticular JRA and 325 ng/ml in patients
with active oligoarticular JIA (normal <120 ng/ml). The level of
S100A12 was ~ 10-fold higher in synovial fluid than in serum,
indicating release at sites of local inflammation. Notably, in
patients with SJIA, the mean level of SI00A12 was 3700 ng/ml.
Moreover, serum levels decreased in response to different
anti-inflammatory therapies (i.e., intraarticular injections of
corticosteroids, methotrexate (MTX), or etanercept). Moreover,
S100A12 levels were elevated in 20 patients who experienced
disease flares after the initial induction of remission, even

weeks before the relapses became clinically apparent. This
finding demonstrated that S100-proteins might indicate synovial
inflammation even when other signs of arthritis are absent (52).

Marker of Subclinical Inflammation

Accordingly, the potential of S100-proteins to indicate subclinical
inflammation was evaluated in a large prospective, open,
multicenter, medication-withdrawal randomized clinical trial
including 364 patients. This study aimed to analyze whether
longer MTX treatment during remission of JIA prevents flares
after withdrawal of medication and whether specific biomarkers
identify patients at risk for flares. Primary outcome was relapse
rate in the 2 treatment groups (withdrawal after 6 or 12 months);
secondary outcome was time to relapse. Besides the finding
that in patients with JIA in remission, a 12- vs. 6-month
withdrawal of MTX did not reduce the relapse rate, it could be
demonstrated that higher SI00A8/S100A9 concentrations at time
of MTX withdrawal were associated with risk of relapse after
discontinuing MTX (59).

Clinical inactive disease with elevated inflammatory markers
can be defined as subclinical disease activity, which may result in
unstable remission (i.e., a status of clinical but not immunological
remission). Therefore, in a sub-analysis of this study S100A12,
S100A8/S100A9 as well as the acute phase reactant high-
sensitivity C reactive protein (hsCRP) were compared as
predictive biomarkers for the risk of a flare within a time frame of
6 months. Clinical or standard laboratory parameters could not
differentiate between patients at risk of relapse and those not at
risk. On the other hand S100A12 and S100A8/S100A9 levels were
significantly higher in patients who subsequently developed flares
than in patients with stable remission (64).

To implement these biomarkers for further studies and
use in clinical practice the performance of different enzyme-
linked immunosorbent assays (ELISAs) in order to validate
systems available for routine use were tested. The tested
commercial S100A8/S100A9 and S100A12 ELISAs showed
a performance comparable to well-established experimental
ELISA protocols when assay-specific cutoffs for the indication of
relapse prediction were thoroughly applied (60). In another
study S100A8/S100A9 levels before discontinuation of
anti-tumor necrosis factor (TNF)-inhibitors were analyzed
retrospectively. Patients who flared within 6 months after
treatment discontinuation had higher S100A8/S100A9
levels compared to patients with stable remission. Results
were confirmed by a commercial ELISA assay with high
reproducibility but different overall levels (65). As mentioned
above analysis of higher serum concentrations may require serial
dilutions of individual samples to obtain reliable results. A recent
study analyzed the relationship between serum S100A8/S100A9
and S100A12 and the maintenance of clinical inactive disease
(CID) in patients with polyarticular forms of juvenile idiopathic
arthritis (PF-JIA) while on anti-TNF- therapy and disease flare
following withdrawal of treatment. Here, serum S100 levels did
not predict maintenance of CID or disease flare, with SI00A12
levels only moderately correlating inversely with time to disease
flare (66). Further studies are needed to evaluate the clinical use
of S100-proteins for stopping treatment.
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Marker of Response to Therapy

Besides supporting tools for stopping treatment in remission
there is an unmet need for biomarkers with which to identify
patients who will respond well to anti-inflammatory therapy.
Around one-third of patients with juvenile idiopathic arthritis
(JIA) fail to respond to first-line MTX or TNF therapy, with
even fewer achieving > American College of Rheumatology
Pediatric 70% criteria for response (ACRpedi70). Within the
Childhood Arthritis Response to Medication Study (CHARMS)
the prognostic value of baseline serum proteins (SI00A8/S100A9,
inflammatory cytokines, CRP), ESR and clinical variables in
response to MTX was analyzed to identify whether the patient
is likely to respond well to MTX. High disease activity (high
serum S100A8/S100A9, active joint count, or physician’s score)
pre-MTX was observed in a subgroup of patients with a
better response to therapy. In a multivariable analysis, after
accounting for S100A8/S100A9 at baseline, no other factors
were independently significantly associated with outcome (67).
High levels of baseline SI00A8/S100A9 are associated with good
response to anti-TNF treatment. Baseline SI00A8/S100A9 levels
in patients before treatment with TNF-inhibitors were higher in
responders compared to non-responders. Levels decreased after
start of treatment only in responders. Change in JADAS-10 was
correlated with baseline SI00A8/S100A9 levels and documented
the correlation of SI00A8/S100A9 with disease activity (65).
These results could also be confirmed for S100A12. Responders
to MTX or anti-TNF treatment can be identified by higher
pretreatment S100A12 serum concentration levels and baseline
serum S100A12 in both univariate and multivariate regression
models was significantly associated with change in JADAS-
10 (68).

Juvenile Dermatomyositis (JDM)

The aetiopathogenesis of JDM and in particular the contribution
of monocytes or macrophages, which are frequently observed
to infiltrate muscle tissue very early in the disease process,
remains poorly understood. Early results indicated a clear
association of expression of S100A8 and S100A9 by infiltrating
macrophages with degeneration of myofibers in muscle biopsies
of patients with dermatomyositis, polymyositis, and inclusion
body myositis. Furthermore, SI00A8/S100A9 complex inhibited
proliferation and differentiation of myoblasts and induced
apoptosis via activation of caspase-3. In the course of
inflammatory myopathies, activated macrophages seem to
promote destruction and impair regeneration of myocytes
via secretion of S100A8/S100A9 (69). These findings could
be confirmed in a follow-up study. Here, SI00A8/S100A9
levels of 56 JDM patients were compared with clinical
measures of disease activity. S100A8/SI00A9 serum levels
correlated with physician’s global assessment of disease activity
in JDM and muscle strength/endurance, childhood myositis
assessment score. S100A8/SI00A9 was widely expressed by
CD68+ macrophages in JDM muscle tissue. When cultured with
human myoblasts, SI00A8 led to the secretion of MCP-1 and IL-
6, which was enhanced by ER stress. However, the usefulness
of serum S100A8/S100A9 as a potential biomarker for disease
activity in JDM has to be confirmed in further studies (70).

Autoinflammatory Diseases

Markedly elevated S100 levels are a hallmark of SJIA,
Familial Mediterranean Fever (FMF) and PSTPIPI associated
inflammatory diseases (PAID) such as pyogenic sterile arthritis,
pyoderma gangrenosum, and acne (PAPA) syndrome or
PSTPIP1-associated myeloid-related proteinaemia inflammatory
(PAMI) syndrome (71). Here, S100 levels can differentiate
these conditions from other infectious or auto-inflammatory
conditions (Table 1). Hypersecretion of S100 proteins in these
diseases can result in a sterile inflammatory environment,
which triggers pro-inflammatory cytokine as well as further
S100A8/S100A9 and S100A12 expression and thus can
perpetuate disease activity (72, 73). In contrast, in the cryopyrin
associated periodic syndromes (CAPS) or periodic fever,
aphthous stomatitis, pharyngitis, adenitis (PFAPA) syndrome
$100 levels are lower and within the range of other inflammatory
diseases and cannot be used to differentiate from infectious
diseases; however, they do correlate with disease activity.

MONOGENIC AUTO-INFLAMMATORY
SYNDROMES

Familial Mediterranean Fever (FMF)
Pathophysiology

FMF is an auto-inflammatory syndrome associated with the
activation of phagocytic cells and an over-secretion of IL-18. The
discovery of pyrin mutations as the genetic basis of this auto-
inflammatory disorder identified the dysfunction of intracellular
processes, e.g., alternative secretory pathways, and immune
dysregulation involving inflammasome-dependent recruitment
and processing of IL-18 as causes of FMF (74). During
inflammatory attacks of FMF serum levels of SI00A8/S100A9
and S100A12 are massively elevated and significantly higher than
in patients with CAPS (75). Both S100A8/S100A9 and S100A12
exhibit pro-inflammatory effects in vitro at concentration
found in FMF patients in vivo during active disease (Table 1).
This hypothesis is further supported by the observation that
S100A8/S100A9 co-localizes with the cytoskeleton and a Golgi-
independent but tubulin-dependent release has been shown
(21, 23). Pyrin is likewise associated with these structures while
colchicine blocks tubulin-dependent processes at the molecular
level and is therefore a possible inhibitor of alternative secretion
of S100 proteins (80).

Marker of Disease Activity

During acute attacks serum levels of S100A8/S100A9 and
S100A12 are massively elevated (71, 72). Moreover, patients
with FMF well-controlled with anti-inflammatory treatment have
significantly decreased serum levels (72). SI00A12 may also
allow stratification of FMF patients according to disease severity
(72). Overall, S100A12 levels show an excellent correlation to
disease activity (56, 75). SI00A12 serum levels in patients with
unstable disease under colchicine treatment were significantly
higher than those without inflammatory attacks, supposed as
stable disease. Moreover, homozygous MEFV mutation carriers
exhibited clearly increased S1I00A12 serum levels despite of no
clinical disease activity while classical inflammatory markers
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TABLE 1 | Serum concentration of phagocyte-specific S100 proteins in inflammatory diseases [adapted and updated from Kessel et al. (73)].

S100A8/A9 levels (ng/ml) Nt References S100A12 levels (ng/ml) NT References
POLYGENIC AUTOINFLAMMATORY DISEASES
Systemic-onset JIA 14,920 + 4,030 60 (76) 7,190 + 2,690 60 (75)
24,750 + 11,410 20 (77) 3,700 (1,080)** 33 (78)
Polyarthritis JIA 2,380 + 530 89 (52, 395 (45)* 89 (78)
PFAPA 3846 + 1197 15 (79) 685 + 210 15 (79)
MONOGENIC AUTOINFLAMMATORY DISEASES
FMF 110,000 =+ 82,000 20 (71) 6,720 + 4,960 17 (75)
33,500 (22,200)** 7 (56)
PAPA 116,000 =+ 74,000 11 (71) -
PAMI 2,045,000 + 1,300,000 13 (71) -
NOMID 2,830 £ 580 18 (76) 720 + 450 18 (75)
MWS 4,390 (2535) 12 61) 150 + 60 17 (75)
FCAS 3,600 (4610) 5 61) - - -
INFECTIONS
Severe febrile infections 3,720 + 870 66 (76) 470 + 160 83 (75)
Healthy controls 340 £ 70 50 (76) 50 + 10 45 (75)
50 (5)* 74 (50)

FCAS, Familial cold autoinflammatory syndrome, FMF, familial Mediterranean fever; JIA, juvenile idiopathic arthritis; MWS, Muckle Wells syndrome; NOMID, Neonatal onset multisystem
inflammatory disorder; PAMI, PSTPIP1-associated myeloid-related proteinemia inflammatory; PAPA, pyogenic sterile arthritis, pyoderma gangrenosum, and acne syndrome; PFAPA,
periodic fever, aphthous stomatitis, pharyngitis, adenitis syndrome [* mean (standard deviation), ** mean (standard error of the mean), all other data are mean + 95% confidence interval,

7‘N, number of patients studied].

were in the range of normal controls. Also, heterozygous MEFV
mutation carriers have significantly elevated SI00A12 serum
levels while classical inflammation markers were not increased
(56). These findings indicate ongoing subclinical inflammatory
activity of the innate immune system in otherwise clinically
stable individuals.

PSTPIP1 Associated Inflammatory
Diseases (PAID)

PAPA syndrome seems to be only one clinical entity within
the expanding spectrum of PAID caused by mutations in
PSTPIP1 (81). PAMI syndrome (PSTPIP1 E250K mutation) is
a PAID presenting with clinical and biochemical features not
found in patients with classical PAPA syndrome (71). Mutated
PSTPIP1 markedly increases pyrin binding and IL-1£8 production
by peripheral blood leukocytes from patients with PAPA and
in cell lines transfected with both PAPA associated mutants
(82). Moreover, PAPA-associated PSTPIP1 mutants activate
pyrin, thereby allowing it to interact with ASC and facilitate
ASC oligomerization into an active ASC pyroptosome (83).
A hallmark of PAID are very high (PAPA: 116 £ 74 pg/ml)
or massively elevated S100A8/S1I00A9 serum concentrations
(PAMI: 2,070 £ 1,190 pg/ml vs. 0.48+0.1 pg/ml in healthy
controls) (71). Although the exact role of SI00A8/S100A9 in the
pathogenesis of PAID is not yet clear, there are important links
between SI00A8/S100A9, pyrin and PSTPIP1. SI00A8/S100A9
serum levels are also highly elevated in FMF (110 £ 82 pg/ml)
(71). Like PSTPIP1 and pyrin, S100A8, and S100A9 are
highly expressed in phagocytes. Both proteins bind to both
the subcellular actin network and microtubules in a calcium
dependent manner (21). Interestingly, IL-13 secretion is only

apparent in monocytes of PAPA patients after stimulation with
the exogenous TLR-4 ligand LPS (84), which points to a putative
role of endogenous TLR-4 ligands S100A8 and S100A9 for the
release of IL-188 from PAPA monocytes.

Cryopyrin-Associated Periodic Syndromes

(CAPS)

Pathophysiology

Cryopyrin-associated periodic syndromes (CAPS) comprise
a group of rare auto-inflammatory diseases, which include
the Familial Cold Auto-inflammatory Syndrome (FCAS), the
Muckle-Wells Syndrome (MWS), and the Neonatal-Onset
Multiorgan Inflammatory Disease (NOMID) and are caused
by mutations in the NLRP3 (CIASI/NALP3/PYPAFI) gene,
encoding for cryopyrin/NALP3 protein. Cryopyrin controls the
assembly of proteins into the inflammasome complex, which
regulates caspase-1 activity that induces the conversion of pro-IL-
1B to biologically active IL-1p (85-88). Uncontrolled pro-IL-1f
processing results in a constitutive excess of IL-1f release from
phagocytic cells of CAPS patients (89-91). IL-1 hypersecretion
is not easy to determine in vivo and is only one factor among
others involved in a complex immune dysregulation including
phagocyte activation during auto-inflammation (76). Although
the exact role of the S100-proteins in CAPS has not yet been
fully understood, they seem to reflect IL-188-driven inflammation
in CAPS.

Marker of Disease Activity

Various states of subclinical disease activity were demonstrated
in all categories of CAPS, depending on the type of anti-IL-1
therapy. Here, S100 levels were compared with CRP and ESR
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and seemed to have a higher sensitivity to detect subclinical
inflammation. In this context, SI00A8/S100A9 proved to be a
sensitive biomarker for monitoring disease activity, and response
to IL-1 blockade in patients with CAPS and also indicated
subclinical inflammation when CRP and ESR were already
normal (57, 61). SI00A12 has been shown to be elevated in
patients with active NOMID and MWS (75). In patients with
CAPS treated with IL-1-blockers, S100A12 and S100A8/S100A9
correlate with inflammatory activity and decline rapidly along
with a normalization of neutrophil counts (92).

POLYGENIC AUTO-INFLAMMATORY
DISEASES

Systemic Juvenile Idiopathic Arthritis

(SJIA)

Pathophysiology

SJIA is a severe systemic inflammatory disease in childhood with
significant morbidity and serious complications, especially in
those children with a therapy-resistant course. Although defined
as a subtype of JIA, the disease nowadays is attributed to the
auto-inflammatory syndromes with a significant role of IL-1.
Thus, clinical symptoms can be assigned to dysregulated innate
immune mechanisms with only little involvement of adaptive
immunity. Serum of SJIA patients induces the transcription of
genes of the innate immune system including IL-1 in peripheral
blood mononuclear cells (PBMCs) and activated monocytes
from patients with SJIA secrete significantly higher amounts
of IL-1f in comparison with monocytes of healthy controls
(93) The predominant role of the innate immune system is
furthermore underscored by very high S100A8/S100A9 and
S100A12 serum levels (75, 76). The hypersecretion of IL-1, IL-
18, SI00A8/S100A9, and S100A12 indicates an important aspect
regarding the pathogenesis of SJIA since they are all released
by the alternative secretory pathway. In contrast to IL-1 and
IL-18, S100-proteins are not processed by caspase 1 prior to
release (23). Thus, a loss of control of the alternative secretory
pathway downstream of caspase 1 has been proposed to be
involved in release of pro-inflammatory proteins leading to
the inflammatory process of SJIA (94). However, it cannot be
determined whether secretion of IL-1f, IL-6, or S100-proteins
is a primary or secondary step in the cause-and-effect chain of
SJIA (95).

Detection Marker in Fever of Unknown Origin

At initial presentation, SJIA is difficult to differentiate from
severe systemic infections. SI00A8/S100A9 serum levels are
closely correlated to disease activity in SJIA and these high
concentrations can be found neither in other forms of
inflammatory arthritis, nor in other autoimmune or infectious
diseases (52, 78)- in contrast to markers like CRP, which are
not able to differentiate SJTIA from other causes of FUO (76,
96, 97). The same applies for SI00A12 (75, 98). Although SJIA
cannot be differentiated from FMF or PAID in this context, these
autoinflammatory diseases may at least clinically be differentiated
from other causes of FUO.

Marker of Disease Activity

S100A8/S100A9 serum levels correlate closely with response
to drug treatment and disease activity and therefore
might be an additional measurement for monitoring anti-
inflammatory treatment of individual patients with SJIA (62, 77).
S100A8/S100A9 serum concentrations are the first predictive
biomarker in SJIA indicating subclinical disease activity and
stratifying patients at risk of relapse during times of clinically
inactive disease (77) and might be able to predict response to
treatment with anakinra (62).

PERIODIC FEVER, APHTHOUS
STOMATITIS, PHARYNGITIS, CERVICAL
ADENITIS (PFAPA) SYNDROME

PFAPA syndrome is characterized by fever flares accompanied
by pharyngitis, adenitis, and/or aphthous stomatitis without
evidence of infection, asymptomatic intervals between the flares,
and onset before the age of 5 years (99). The pathogenic
mechanism of this syndrome is not known, but it has been
shown that IL-1f8 production by monocytes is dysregulated in
patients with PFAPA syndrome. Twenty percentage of enrolled
patients were found to have NLRP3 variants, suggesting that
inflammasome-related genes might be involved in this auto-
inflammatory syndrome. S100A8/S100A9 and S100A12 are
upregulated in flares but within the range of healthy control in
symptom-free intervals. The levels of active patients are within
those of systemic infections and have no additional diagnostic
value in PFAPA (79).

OUTLOOK

There is now increasing evidence that innate immune
mechanisms triggered by local tissue signals, so called
alarmins or DAMPs, are crucial factors in the pathogenesis
of many pediatric rheumatic diseases. S100-alarmins, especially
S100A8/S100A9, are highly upregulated in different forms of
arthritis and autoimmune diseases in children. Specific secretion
of S100-alarmins at the local site of inflammation by activated
phagocytes makes these molecules useful markers for monitoring
disease activity. For early diagnosis of SJIA SI00A8/S100A9 is
currently the most specific biomarker and is used in several
specialized centers. In addition, it is used in clinical studies
for prediction of disease flares in patients with JIA or RA in
clinical remission on medication after stopping or reduction
of therapy. However, use in clinical routine is limited by the
fact that no commercial assay is available which guaranties
reliable data in the whole range of serum levels found in different
inflammatory disorders. Novel approaches to follow expression
of these molecules in vivo by molecular imaging techniques,
which already work very well in preclinical models, may even
improve the diagnostic value of these molecules. There is already
a small molecular compound described which can be used for
monitoring S1I00A8/S100A9 expression in preclinical models of
inflammation in vivo. Since the structure of this tracer is based
on Q-compounds already used in clinical trials with very low
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toxicity, transfer of such a tracer into clinical practice may be
feasible within the next years (100, 101). Preclinical models in
mice have also confirmed a functional role of SI00A8/S100A9
in the process of arthritis and autoimmunity. Especially in
some auto-inflammatory diseases like SJIA, FMF, and PAID
$100-alarmins seem to play a dominant role. The Q-compounds
mentioned above have been shown to specifically inhibit binding
of SI00A9 to TLR4 and RAGE (34). These drugs block the
infiltration and activation of phagocytes in experimental models
of inflammation (24) In addition, laquinimod, a member of the
Q-compound family, showed significant effects in a randomized
clinical trial (phase III) for treatment of relapsing-remitting
multiple sclerosis (102) and in patients with Crohn’s disease
(phase II) (103). Treatment with laquinimod was well-tolerated
and not associated with major side effects. There are no published
data showing therapeutic effects of laquinimod or any other
Q-compounds in pediatric rheumatic diseases so far. The recent
identification of the TLR4-binding site in SI00A8 and S100A9
offers novel molecular structures for targeted inhibition of these
interaction. Since the active form of SI00A8/S100A9 is restricted
to local sites of inflammation such an approach may have very
limited systemic side effects. However, data regarding blocking
antibodies directed against these specific binding structures

REFERENCES

1. McGonagle D, Aziz A, Dickie LJ, McDermott MF. An integrated
classification of pediatric inflammatory diseases, based on the concepts of
autoinflammation and the immunological disease continuum. Pediatr Res.
(2009) 65:38R—45R. doi: 10.1203/PDR.0b013e31819dbd0a

. Chan JK, Roth ], Oppenheim JJ, Tracey KJ, Vogl T, Feldmann M, et al.
Alarmins: awaiting a clinical response. J Clin Invest. (2012) 122:2711-9.
doi: 10.1172/JC162423

. McGonagle D, McDermott MF.
of the immunological diseases.
doi: 10.1371/journal.pmed.0030297

. Netea MG, Balkwill E Chonchol M, Cominelli F, Donath MY, Giamarellos-
Bourboulis EJ, et al. A guiding map for inflammation. Nat Immunol. (2017)
18:826-31. doi: 10.1038/ni.3790

. Takeda K, Kaisho T, Akira S. Toll-like receptors. Annu Rev Immunol. (2003)
21:335-76. doi: 10.1146/annurev.immunol.21.120601.141126

. Sims GP, Rowe DC, Rietdijk ST, Herbst R, Coyle AJ. HMGBI1 and
RAGE in inflammation and cancer. Annu Rev Immunol. (2010) 28:367-88.
doi: 10.1146/annurev.immunol.021908.132603

. Ehrchen JM, Sunderkotter C, Foell D, Vogl T, Roth J. The endogenous Toll-
like receptor 4 agonist SI00A8/S100A9 (calprotectin) as innate amplifier
of infection, autoimmunity, and cancer. J Leukoc Biol. (2009) 86:557-66.
doi: 10.1189/j1b.1008647

. Nefla M, Holzinger D, Berenbaum F, Jacques C. The danger from
within: alarmins in arthritis. Nat Rev Rheumatol. (2016) 12:669-83.
doi: 10.1038/nrrheum.2016.162

. Lund JM, Alexopoulou L, Sato A, Karow M, Adams NC, Gale NW, et al.

Recognition of single-stranded RNA viruses by Toll-like receptor 7. Proc Natl

Acad Sci USA (2004) 101:5598-603. doi: 10.1073/pnas.0400937101

Kokkola R, Sundberg E, Ulfgren AK, Palmblad K, Li J, Wang H,

et al. High mobility group box chromosomal protein 1: a novel

proinflammatory mediator in synovitis. Arthritis Rheumatism (2002)

46:2598-603. doi: 10.1002/art.10540

Schett G, Redlich K, Xu Q, Bizan P, Groger M, Tohidast-Akrad M, et al.

Enhanced expression of heat shock protein 70 (hsp70) and heat shock

factor 1 (HSF1) activation in rheumatoid arthritis synovial tissue. differential

A
PLoS

proposed  classification
Med.  (2006)  3:e297.

10.

11.

in preclinical mouse models are missing so far and would be
a prerequisite for transfer of this novel therapeutic approach
into clinical trials. In addition, pharmacological inhibition of
the non-classical secretory pathway of SI00A8/S100A9 may be
an alternative strategy to specifically address this inflammatory
mechanism. Interestingly, colchicine, which is already used
for the treatment of FMEF, has been shown to inhibit secretion
of S100A8/S100A9 by activated phagocytes. Taken together
there are now several lines of future research in the field of
S100-biology which may offer innovative diagnostic or even
therapeutic approaches for pediatric rheumatic diseases.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

ACKNOWLEDGMENTS

The work was supported by grants of the Federal Ministry of
Education and Research of Germany (BMBF, AID-NET) to DH
and JR and of the ERARE program of the EU to JR (Treat-AID
and Cure-AID).

regulation of hsp70 expression and hsfl activation in synovial fibroblasts by
proinflammatory cytokines, shear stress, and antiinflammatory drugs. J Clin
Invest. (1998) 102:302-11. doi: 10.1172/JCI12465

Blanco P, Palucka AK, Gill M, Pascual V, Banchereau J. Induction of dendritic
cell differentiation by IFN-alpha in systemic lupus erythematosus. Science
(2001) 294:1540-3. doi: 10.1126/science.1064890

Caielli S, Athale S, Domic B, Murat E, Chandra M, Banchereau R, et al.
Oxidized mitochondrial nucleoids released by neutrophils drive type I
interferon production in human lupus. ] Exp Med. (2016) 213:697-713.
doi: 10.1084/jem.20151876

Groot N, de Graeft N, Marks SD, Brogan P, Avcin T, Bader-Meunier B, et al.
European evidence-based recommendations for the diagnosis and treatment
of childhood-onset lupus nephritis: the SHARE initiative. Ann Rheumatic
Dis. (2017) 76:1965-73. doi: 10.1136/annrheumdis-2017-211898

Marenholz I, Heizmann CW, Fritz G. S100 proteins in mouse and
man: from evolution to function and pathology (including an update of
the nomenclature). Biochem Biophys Res Commun. (2004) 322:1111-22.
doi: 10.1016/j.bbrc.2004.07.096
Moore BW. A soluble protein
system.  Biochem  Biophys  Res
doi: 10.1016/0006-291X(65)90320-7

. Santamaria-Kisiel L, Rintala-Dempsey AC, Shaw GS. Calcium-dependent
and -independent interactions of the S100 protein family. Biochem J. (2006)
396:201-14. doi: 10.1042/BJ20060195

Edgeworth ], Gorman M, Bennett R, Freemont P, Hogg N. Identification of
p8,14 as a highly abundant heterodimeric calcium binding protein complex
of myeloid cells. ] Biol Chem. (1991) 266:7706-13.

Roth J, Vogl T, Sorg C, Sunderkotter C. Phagocyte-specific S100 proteins: a
novel group of proinflammatory molecules. Trends Immunol. (2003) 24:155-
8. doi: 10.1016/51471-4906(03)00062-0

Leukert N, Sorg C, Roth J. Molecular basis of the complex formation between
the two calcium-binding proteins SI00A8 (MRP8) and S100A9 (MRP14).
Biol Chem. (2005) 386:429-34. doi: 10.1515/BC.2005.051

Vogl T, Ludwig S, Goebeler M, Strey A, Thorey IS, Reichelt R,
et al. MRP8 and MRPI14 control microtubule reorganization during
transendothelial migration of phagocytes. Blood (2004) 104:4260-8.
doi: 10.1182/blood-2004-02-0446

of
(1965)

characteristic the

Commun.

nervous
19:739-44.

20.

21.

Frontiers in Immunology | www.frontiersin.org

150

February 2019 | Volume 10 | Article 182


https://doi.org/10.1203/PDR.0b013e31819dbd0a
https://doi.org/10.1172/JCI62423
https://doi.org/10.1371/journal.pmed.0030297
https://doi.org/10.1038/ni.3790
https://doi.org/10.1146/annurev.immunol.21.120601.141126
https://doi.org/10.1146/annurev.immunol.021908.132603
https://doi.org/10.1189/jlb.1008647
https://doi.org/10.1038/nrrheum.2016.162
https://doi.org/10.1073/pnas.0400937101
https://doi.org/10.1002/art.10540
https://doi.org/10.1172/JCI2465
https://doi.org/10.1126/science.1064890
https://doi.org/10.1084/jem.20151876
https://doi.org/10.1136/annrheumdis-2017-211898
https://doi.org/10.1016/j.bbrc.2004.07.096
https://doi.org/10.1016/0006-291X(65)90320-7
https://doi.org/10.1042/BJ20060195
https://doi.org/10.1016/S1471-4906(03)00062-0
https://doi.org/10.1515/BC.2005.051
https://doi.org/10.1182/blood-2004-02-0446
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Holzinger et al.

S100-Alarmins in Juvenile Rheumatic Diseases

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Austermann J, Spiekermann C, Roth J. S100 proteins in rheumatic diseases.
Nat Rev Rheumatol. (2018) 14:528-41. doi: 10.1038/s41584-018-0058-9
Rammes A, Roth J, Goebeler M, Klempt M, Hartmann M, Sorg C. Myeloid-
related protein (MRP) 8 and MRP14, calcium-binding proteins of the S100
family, are secreted by activated monocytes via a novel, tubulin-dependent
pathway. ] Biol Chem. (1997) 272:9496-502. doi: 10.1074/jbc.272.14.9496
Pruenster M, Kurz AR, Chung KJ, Cao-Ehlker X, Bieber S, Nussbaum CE,
et al. Extracellular MRP8/14 is a regulator of beta2 integrin-dependent
neutrophil slow rolling and adhesion. Nat Commun. (2015) 6:6915.
doi: 10.1038/ncomms7915

Tardif MR, Chapeton-Montes JA, Posvandzic A, Page N, Gilbert C, Tessier
PA. Secretion of SI00A8, S100A9, and S100A12 by neutrophils involves
reactive oxygen species and potassium efflux. J Immunol Res. (2015)
2015:296149. doi: 10.1155/2015/296149

Viemann D, Strey A, Janning A, Jurk K, Klimmek K, Vogl T, et al
Myeloid-related proteins 8 and 14 induce a specific inflammatory response
in human microvascular endothelial cells. Blood (2005) 105:2955-62.
doi: 10.1182/blood-2004-07-2520

Fassl SK, Austermann J, Papantonopoulou O, Riemenschneider M, Xue
], Bertheloot D, et al. Transcriptome assessment reveals a dominant role
for TLR4 in the activation of human monocytes by the alarmin MRP8. |
Immunol. (2015) 194:575-83. doi: 10.4049/jimmunol.1401085

van Lent PL, Grevers L, Blom AB, Sloetjes A, Mort JS, Vogl T, et al. Myeloid-
related proteins S100A8/S100A9 regulate joint inflammation and cartilage
destruction during antigen-induced arthritis. Ann Rheumatic Dis. (2008)
67:1750-8. doi: 10.1136/ard.2007.077800

Ulas T, Pirr S, Fehlhaber B, Bickes MS, Loof TG, Vogl T, et al. S100-alarmin-
induced innate immune programming protects newborn infants from sepsis.
Nat Immunol. (2017) 18:622-32. doi: 10.1038/ni.3745

Austermann J, Friesenhagen J, Fassl SK, Petersen B, Ortkras T, Burgmann
J, et al. Alarmins MRP8 and MRP14 induce stress tolerance in phagocytes
under sterile inflammatory conditions. Cell Rep. (2014) 9:2112-23.
doi: 10.1016/j.celrep.2014.11.020

Aneja R, Odoms K, Dunsmore K, Shanley TP, Wong HR. Extracellular heat
shock protein-70 induces endotoxin tolerance in THP-1 cells. J Immunol.
(2006) 177:7184-92. doi: 10.4049/jimmunol.177.10.7184

Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as
regulators of the immune system. Nat Rev Immunol. (2009) 9:162-74.
doi: 10.1038/nri2506

Atallah M, Krispin A, Trahtemberg U, Ben-Hamron S, Grau A, Verbovetski
I, et al. Constitutive neutrophil apoptosis: regulation by cell concentration
via S100 A8/9 and the MEK-ERK pathway. PLoS ONE (2012) 7:e29333.
doi: 10.1371/journal.pone.0029333

Bjork P, Bjork A, Vogl T, Stenstrom M, Liberg D, Olsson A, et al
Identification of human S100A9 as a novel target for treatment of
autoimmune disease via binding to quinoline-3-carboxamides. PLoS Biol.
(2009) 7:€97. doi: 10.1371/journal.pbio.1000097

Alexaki VI, May AE, Fujii C, SN VU-S, Mund C, Gawaz M, et al
S100A9 induces monocyte/ macrophage migration via EMMPRIN. Thromb
Haemost. (2017) 117:636-9. doi: 10.1160/TH16-06-0434

Vogl T, Tenbrock K, Ludwig S, Leukert N, Ehrhardt C, van Zoelen MA,
et al. Mrp8 and Mrpl4 are endogenous activators of Toll-like receptor 4,
promoting lethal, endotoxin-induced shock. Nat Med. (2007) 13:1042-9.
doi: 10.1038/nm1638

Vogl T, Stratis A, Wixler V, Voller T, Thurainayagam S, Jorch SK,
et al. Autoinhibitory regulation of S100A8/S100A9 alarmin activity
locally restricts sterile inflammation. J Clin Invest. (2018) 128:1852-66.
doi: 10.1172/JCI89867

Odink K, Cerletti N, Bruggen J, Clerc RG, Tarcsay L, Zwadlo G, et al. Two
calcium-binding proteins in infiltrate macrophages of rheumatoid arthritis.
Nature (1987) 330:80-2. doi: 10.1038/330080a0

Youssef P, Roth J, Frosch M, Costello P, Fitzgerald O, Sorg C, et al. Expression
of myeloid related proteins (MRP) 8 and 14 and the MRP8/14 heterodimer
in rheumatoid arthritis synovial membrane. ] Rheumatol. (1999) 26:2523-8.
Kane D, Roth J, Frosch M, Vogl T, Bresnihan B, FitzGerald O.
Increased perivascular synovial membrane expression of myeloid-related
proteins in psoriatic arthritis. Arthritis Rheumatism (2003) 48:1676-85.
doi: 10.1002/art.10988

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Di Ceglie I, Ascone G, Cremers NA]J, Sloetjes AW, Walgreen B, Vogl T, et al.
Fcgamma receptor-mediated influx of S100A8/A9-producing neutrophils as
inducer of bone erosion during antigen-induced arthritis. Arthritis Res Ther.
(2018) 20:80. doi: 10.1186/513075-018-1584-1

van Lent PL, Grevers LC, Schelbergen R, Blom A, Geurts J, Sloetjes A, et al.
S100A8 causes a shift toward expression of activatory Fcgamma receptors
on macrophages via toll-like receptor 4 and regulates Fcgamma receptor
expression in synovium during chronic experimental arthritis. Arthritis
Rheumatism (2010) 62:3353-64. doi: 10.1002/art.27654

Koenders MI, Marijnissen R], Devesa I, Lubberts E, Joosten LA, Roth J, et al.
Tumor necrosis factor-interleukin-17 interplay induces SI00A8, interleukin-
1beta, and matrix metalloproteinases, and drives irreversible cartilage
destruction in murine arthritis: rationale for combination treatment during
arthritis. Arthritis Rheumatism (2011) 63:2329-39. doi: 10.1002/art.30418
Loser K, Vogl T, Voskort M, Lueken A, Kupas V, Nacken W, et al. The Toll-
like receptor 4 ligands Mrp8 and Mrp14 are crucial in the development of
autoreactive CD8+ T cells. Nat Med. (2010) 16:713-7. doi: 10.1038/nm.2150
Fuellen G, Foell D, Nacken W, Sorg C, Kerkhoff C. Absence of S100A12
in mouse: implications for RAGE-S100A12 interaction. Trends Immunol.
(2003) 24:622-4. doi: 10.1016/}.it.2003.10.004

Foell D, Ichida E Vogl T, Yu X, Chen R, Miyawaki T, et al. SI00A12
(EN-RAGE) in monitoring Kawasaki disease. Lancet (2003) 361:1270-2.
doi: 10.1016/S0140-6736(03)12986-8

Foell D, Kane D, Bresnihan B, Vogl T, Nacken W, Sorg C, et al.
Expression of the pro-inflammatory protein S100A12 (EN-RAGE) in
rheumatoid and psoriatic arthritis. Rheumatology (2003) 42:1383-9.
doi: 10.1093/rheumatology/keg385

Foell D, Kucharzik T, Kraft M, Vogl T, Sorg C, Domschke W, et al.
Neutrophil derived human S100A12 (EN-RAGE) is strongly expressed
during chronic active inflammatory bowel disease. Gut (2003) 52:847-53.
doi: 10.1136/gut.52.6.847

Foell D, Frosch M, Schulze zur Wiesch A, Vogl T, Sorg C, Roth J.
Methotrexate treatment in juvenile idiopathic arthritis: when is the right
time to stop? Ann Rheumatic Dis. (2004) 63:206-8. doi: 10.1136/ard.2003.
005686

Foell D, Hernandez-Rodriguez J, Sanchez M, Vogl T, Cid MC, Roth J. Early
recruitment of phagocytes contributes to the vascular inflammation of giant
cell arteritis. ] Pathol. (2004) 204:311-6. doi: 10.1002/path.1660

Foell D, Seeliger S, Vogl T, Koch HG, Maschek H, Harms E, et al.
Expression of S100A12 (EN-RAGE) in cystic fibrosis. Thorax (2003) 58:613-
7. doi: 10.1136/thorax.58.7.613

Foell D, Wittkowski H, Himmerschmidt I, Wulffraat N, Schmeling H, Frosch
M, et al. Monitoring neutrophil activation in juvenile rheumatoid arthritis
by S100A12 serum concentrations. Arthritis Rheumatism (2004) 50:1286-95.
doi: 10.1002/art.20125

Foell D WH, Luken A, Dabritz J, Viemann D, Heidemann J, Vogl T, Roth J.
The Mediator S100a12 is critically involved in early inflammatory events of
inflammatory bowel disease. Gastroenterology (2009) 136(Suppl. 1):A254-A.
doi: 10.1016/S0016-5085(09)61153-7

Frosch M, Metze D, Foell D, Vogl T, Sorg C, Sunderkotter C, et al. Early
activation of cutaneous vessels and epithelial cells is characteristic of acute
systemic onset juvenile idiopathic arthritis. Exp Dermatol. (2005) 14:259-65.
doi: 10.1111/j.0906-6705.2005.00271.x

Frosch M, Vogl T, Seeliger S, Wulffraat N, Kuis W, Viemann D,
et al. Expression of myeloid-related proteins 8 and 14 in systemic-onset
juvenile rheumatoid arthritis. Arthritis Rheumatism (2003) 48:2622-6.
doi: 10.1002/art.11177

Kallinich T, Wittkowski H, Keitzer R, Roth J, Foell D. Neutrophil-derived
S100A12 as novel biomarker of inflammation in familial Mediterranean
fever. Ann Rheumatic Dis. (2010) 69:677-82. doi: 10.1136/ard.2009.114363
Kuemmerle-Deschner JB, Tyrrell PN, Koetter I, Wittkowski H, Bialkowski A,
Tzaribachev N, et al. Efficacy and safety of anakinra therapy in pediatric and
adult patients with the autoinflammatory Muckle-Wells syndrome. Arthritis
Rheumatism (2011) 63:840-9. doi: 10.1002/art.30149

Kuemmerle-Deschner JB, Wittkowski H, Tyrrell PN, Koetter I, Lohse P,
Ummenhofer K, et al. Treatment of Muckle-Wells syndrome: analysis
of two IL-1-blocking regimens. Arthritis Res Ther. (2013) 15:R64.
doi: 10.1186/ar4237

Frontiers in Immunology | www.frontiersin.org

151

February 2019 | Volume 10 | Article 182


https://doi.org/10.1038/s41584-018-0058-9
https://doi.org/10.1074/jbc.272.14.9496
https://doi.org/10.1038/ncomms7915
https://doi.org/10.1155/2015/296149
https://doi.org/10.1182/blood-2004-07-2520
https://doi.org/10.4049/jimmunol.1401085
https://doi.org/10.1136/ard.2007.077800
https://doi.org/10.1038/ni.3745
https://doi.org/10.1016/j.celrep.2014.11.020
https://doi.org/10.4049/jimmunol.177.10.7184
https://doi.org/10.1038/nri2506
https://doi.org/10.1371/journal.pone.0029333
https://doi.org/10.1371/journal.pbio.1000097
https://doi.org/10.1160/TH16-06-0434
https://doi.org/10.1038/nm1638
https://doi.org/10.1172/JCI89867
https://doi.org/10.1038/330080a0
https://doi.org/10.1002/art.10988
https://doi.org/10.1186/s13075-018-1584-1
https://doi.org/10.1002/art.27654
https://doi.org/10.1002/art.30418
https://doi.org/10.1038/nm.2150
https://doi.org/10.1016/j.it.2003.10.004
https://doi.org/10.1016/S0140-6736(03)12986-8
https://doi.org/10.1093/rheumatology/keg385
https://doi.org/10.1136/gut.52.6.847
https://doi.org/10.1136/ard.2003.005686
https://doi.org/10.1002/path.1660
https://doi.org/10.1136/thorax.58.7.613
https://doi.org/10.1002/art.20125
https://doi.org/10.1016/S0016-5085(09)61153-7
https://doi.org/10.1111/j.0906-6705.2005.00271.x
https://doi.org/10.1002/art.11177
https://doi.org/10.1136/ard.2009.114363
https://doi.org/10.1002/art.30149
https://doi.org/10.1186/ar4237
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Holzinger et al.

S100-Alarmins in Juvenile Rheumatic Diseases

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Foell D, Wulffraat N, Wedderburn LR, Wittkowski H, Frosch M, Gerss J,
et al. Methotrexate withdrawal at 6 vs 12 months in juvenile idiopathic
arthritis in remission: a randomized clinical trial. JAMA (2010) 303:1266-73.
doi: 10.1001/jama.2010.375

Rothmund F Gerss ], Ruperto N, Dabritz ], Wittkowski H, Frosch M,
et al. Validation of relapse risk biomarkers for routine use in patients
with juvenile idiopathic arthritis. Arthritis Care Res. (2014) 66:949-55.
doi: 10.1002/acr.22248

Wittkowski H, Kuemmerle-Deschner JB, Austermann ], Holzinger D,
Goldbach-Mansky R, Gramlich K, et al. MRP8 and MRP14, phagocyte-
specific danger signals, are sensitive biomarkers of disease activity in
cryopyrin-associated periodic syndromes. Ann Rheumatic Dis. (2011)
70:2075-81. doi: 10.1136/ard.2011.152496

Vastert SJ, de Jager W, Noordman BJ, Holzinger D, Kuis W, Prakken BJ,
et al. Effectiveness of first-line treatment with recombinant interleukin-
1 receptor antagonist in steroid-naive patients with new-onset systemic
juvenile idiopathic arthritis: results of a prospective cohort study. Arthritis
Rheumatol. (2014) 66:1034-43. doi: 10.1002/art.38296

Frosch M, Strey A, Vogl T, Wulffraat NM, Kuis W, Sunderkotter
C, et al. Myeloid-related proteins 8 and 14 are specifically secreted
during interaction of phagocytes and activated endothelium and are
useful markers for monitoring disease activity in pauciarticular-onset
juvenile rheumatoid arthritis. Arthritis Rheumatism (2000) 43:628-37.
doi: 10.1002/1529-0131(200003)43:3&1t;628:: ATD-ANR20&gt;3.0.CO;2-X
Gerss ], Roth ], Holzinger D, Ruperto N, Wittkowski H, Frosch M, et al.
Phagocyte-specific S100 proteins and high-sensitivity C reactive protein
as biomarkers for a risk-adapted treatment to maintain remission in
juvenile idiopathic arthritis: a comparative study. Ann Rheumatic Dis. (2012)
71:1991-7. doi: 10.1136/annrheumdis-2012-201329

Anink ], Van Suijlekom-Smit LW, Otten MH, Prince FH, van Rossum MA,
Dolman KM, et al. MRP8/14 serum levels as a predictor of response to
starting and stopping anti-TNF treatment in juvenile idiopathic arthritis.
Arthritis Res Ther. (2015) 17:200. doi: 10.1186/s13075-015-0723-1

Hinze CH, Foell D, Johnson AL, Spalding SJ, Gottlieb BS, Morris PW,
et al. Serum S100A8/A9 and S100A12 Levels in children with polyarticular
forms of juvenile idiopathic arthritis: relationship to maintenance of clinical
inactive disease during and flare after discontinuation of anti-TNF therapy.
Arthritis Rheumatol. (2018). doi: 10.1002/art.40727. [Epub ahead of print].
Moncrieffe H, Ursu S, Holzinger D, Patrick E Kassoumeri L, Wade A,
et al. A subgroup of juvenile idiopathic arthritis patients who respond well
to methotrexate are identified by the serum biomarker MRP8/14 protein.
Rheumatology (2013) 52:1467-76. doi: 10.1093/rheumatology/ket152

Gohar F, Anink ], Moncrieffe H, Van Suijlekom-Smit LWA, Prince
FHM, van Rossum MAJ, et al. SI00A12 is associated with response to
therapy in juvenile idiopathic arthritis. J Rheumatol. (2018) 45:547-54.
doi: 10.3899/jrheum.170438

Seeliger S, Vogl T, Engels IH, Schroder JM, Sorg C, Sunderkotter
C, et al. Expression of calcium-binding proteins MRP8 and MRP14
in inflammatory muscle diseases. Am ] Pathol. (2003) 163:947-56.
doi: 10.1016/50002-9440(10)63454-2

Nistala K, Varsani H, Wittkowski H, Vogl T, Krol P, Shah V, et al. Myeloid
related protein induces muscle derived inflammatory mediators in juvenile
dermatomyositis. Arthritis Res Ther. (2013) 15:R131. doi: 10.1186/ar4311
Holzinger D, Fassl SK, de Jager W, Lohse P, Rohrig UE, Gattorno M,
et al. Single amino acid charge switch defines clinically distinct proline-
serine-threonine phosphatase-interacting protein 1 (PSTPIP1)-associated
inflammatory diseases. ] Allergy Clin Immunol. (2015) 136:1337-45.
doi: 10.1016/j.jaci.2015.04.016

Gohar F Orak B, Kallinich T, Jeske M, Lieber M, von Bernuth H, et al.
Correlation of secretory activity of neutrophils with genotype in patients
with familial mediterranean fever. Arthritis Rheumatol. (2016) 68:3010-22.
doi: 10.1002/art.39784

Kessel ~C, Holzinger D, Foell D. Phagocyte-derived S100
proteins in autoinflammation: putative role in pathogenesis and
usefulness as biomarkers. Clin Immunol. (2013) 147:229-41.

doi: 10.1016/j.clim.2012.11.008
Chae JJ, Komarow HD, Cheng J, Wood G, Raben N, Liu PP, et al. Targeted
disruption of pyrin, the FMF protein, causes heightened sensitivity to

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

endotoxin and a defect in macrophage apoptosis. Mol Cell (2003) 11:591-
604. doi: 10.1016/S1097-2765(03)00056-X

Wittkowski H, Frosch M, Wulffraat N, Goldbach-Mansky R, Kallinich
T, Kuemmerle-Deschner J, et al. SI00A12 is a novel molecular marker
differentiating systemic-onset juvenile idiopathic arthritis from other causes
of fever of unknown origin. Arthritis Rheumatism (2008) 58:3924-31.
doi: 10.1002/art.24137

Frosch M, Ahlmann M, Vogl T, Wittkowski H, Wulffraat N, Foell D, et al.
The myeloid-related proteins 8 and 14 complex, a novel ligand of toll-
like receptor 4, and interleukin-1beta form a positive feedback mechanism
in systemic-onset juvenile idiopathic arthritis. Arthritis Rheumatism (2009)
60:883-91. doi: 10.1002/art.24349

Holzinger D, Frosch M, Kastrup A, Prince FH, Otten MH, Van Suijlekom-
Smit LW, et al. The Toll-like receptor 4 agonist MRP8/14 protein complex is
a sensitive indicator for disease activity and predicts relapses in systemic-
onset juvenile idiopathic arthritis. Ann Rheumatic Dis. (2012) 71:974-80.
doi: 10.1136/annrheumdis-2011-200598

Foell D, Roth J. Proinflammatory S100 proteins in arthritis and autoimmune
disease. Arthritis Rheumatism (2004) 50:3762-71. doi: 10.1002/art.
20631

Kolly L, Busso N, von Scheven-Gete A, Bagnoud N, Moix I, Holzinger
D, et al. Periodic fever, aphthous stomatitis, pharyngitis, cervical adenitis
syndrome is linked to dysregulated monocyte IL-1beta production. J Allergy
Clin Immunol. (2013) 131:1635-43. doi: 10.1016/j.jaci.2012.07.043
Mansfield E, Chae JJ, Komarow HD, Brotz TM, Frucht DM, Aksentijevich
I, et al. The familial Mediterranean fever protein, pyrin, associates with
microtubules and colocalizes with actin filaments. Blood (2001) 98:851-9.
doi: 10.1182/blood.V98.3.851

Holzinger D, Roth J. Alarming consequences - autoinflammatory
disease spectrum due to mutations in proline-serine-threonine
phosphatase-interacting protein 1. Curr Opin Rheumatol. (2016) 28:550-9.
doi: 10.1097/BOR.0000000000000314

Shoham NG, Centola M, Mansfield E, Hull KM, Wood G, Wise CA, et al.
Pyrin binds the PSTPIP1/CD2BP1 protein, defining familial Mediterranean
fever and PAPA syndrome as disorders in the same pathway. Proc Natl Acad
Sci USA (2003) 100:13501-6. doi: 10.1073/pnas.2135380100

Yu JW, Fernandes-Alnemri T, Datta P, Wu J, Juliana C, Solorzano L,
et al. Pyrin activates the ASC pyroptosome in response to engagement
by autoinflammatory PSTPIP1 mutants. Mol Cell (2007) 28:214-27.
doi: 10.1016/j.molcel.2007.08.029

Omenetti A, Carta S, Caorsi R, Finetti M, Marotto D, Lattanzi B, et al. Disease
activity accounts for long-term efficacy of IL-1 blockers in pyogenic sterile
arthritis pyoderma gangrenosum and severe acne syndrome. Rheumatology
(2016) 55:1325-35. doi: 10.1093/rheumatology/kew031

Kanneganti TD, Body-Malapel M, Amer A, Park JH, Whitfield J, Franchi
L, et al. Critical role for Cryopyrin/Nalp3 in activation of caspase-1 in
response to viral infection and double-stranded RNA. ] Biol Chem. (2006)
281:36560-8. doi: 10.1074/jbc.M607594200

Mariathasan S, Weiss DS, Newton K, McBride ], O’'Rourke K, Roose-Girma
M, et al. Cryopyrin activates the inflammasome in response to toxins and
ATP. Nature (2006) 440:228-32. doi: 10.1038/nature04515

Martinon E Glimcher LH. Gout: new insights into an old disease. J Clin
Invest. (2006) 116:2073-5. doi: 10.1172/JCI29404

Sutterwala FS, Ogura Y, Zamboni DS, Roy CR, Flavell RA. NALP3: a
key player in caspase-1 activation. J Endotoxin Res. (2006) 12:251-6.
doi: 10.1177/09680519060120040701

Agostini L, Martinon E Burns K, McDermott MF, Hawkins PN, Tschopp J.
NALP3 forms an IL-1beta-processing inflammasome with increased activity
in Muckle-Wells autoinflammatory disorder. Immunity (2004) 20:319-25.
doi: 10.1016/S1074-7613(04)00046-9

Aksentijevich I, Nowak M, Mallah M, Chae JJ, Watford WT, Hofmann SR,
etal. De novo CIAS1 mutations, cytokine activation, and evidence for genetic
heterogeneity in patients with neonatal-onset multisystem inflammatory
disease (NOMID): a new member of the expanding family of pyrin-
associated autoinflammatory diseases. Arthritis Rheumatism (2002) 46:3340-
8. doi: 10.1002/art.10688

Janssen R, Verhard E, Lankester A, Ten Cate R, van Dissel JT. Enhanced
interleukin-1beta and interleukin-18 release in a patient with chronic

Frontiers in Immunology | www.frontiersin.org

152

February 2019 | Volume 10 | Article 182


https://doi.org/10.1001/jama.2010.375
https://doi.org/10.1002/acr.22248
https://doi.org/10.1136/ard.2011.152496
https://doi.org/10.1002/art.38296
https://doi.org/10.1002/1529-0131(200003)43:3&lt;628::AID-ANR20&gt;3.0.CO;2-X
https://doi.org/10.1136/annrheumdis-2012-201329
https://doi.org/10.1186/s13075-015-0723-1
https://doi.org/10.1002/art.40727
https://doi.org/10.1093/rheumatology/ket152
https://doi.org/10.3899/jrheum.170438
https://doi.org/10.1016/S0002-9440(10)63454-2
https://doi.org/10.1186/ar4311
https://doi.org/10.1016/j.jaci.2015.04.016
https://doi.org/10.1002/art.39784
https://doi.org/10.1016/j.clim.2012.11.008
https://doi.org/10.1016/S1097-2765(03)00056-X
https://doi.org/10.1002/art.24137
https://doi.org/10.1002/art.24349
https://doi.org/10.1136/annrheumdis-2011-200598
https://doi.org/10.1002/art.20631
https://doi.org/10.1016/j.jaci.2012.07.043
https://doi.org/10.1182/blood.V98.3.851
https://doi.org/10.1097/BOR.0000000000000314
https://doi.org/10.1073/pnas.2135380100
https://doi.org/10.1016/j.molcel.2007.08.029
https://doi.org/10.1093/rheumatology/kew031
https://doi.org/10.1074/jbc.M607594200
https://doi.org/10.1038/nature04515
https://doi.org/10.1172/JCI29404
https://doi.org/10.1177/09680519060120040701
https://doi.org/10.1016/S1074-7613(04)00046-9
https://doi.org/10.1002/art.10688
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Holzinger et al.

S100-Alarmins in Juvenile Rheumatic Diseases

92.

93.

94.

95.

96.

infantile neurologic, cutaneous, articular syndrome. Arthritis Rheumatism
(2004) 50:3329-33. doi: 10.1002/art.20494

Lachmann HJ, Lowe P, Felix SD, Rordorf C, Leslie K, Madhoo S, et al. In vivo
regulation of interleukin 1beta in patients with cryopyrin-associated periodic
syndromes. ] Exp Med. (2009) 206:1029-36. doi: 10.1084/jem.20082481
Pascual V, Allantaz F, Arce E, Punaro M, Banchereau J. Role of interleukin-
1 (IL-1) in the pathogenesis of systemic onset juvenile idiopathic arthritis
and clinical response to IL-1 blockade. J Exp Med. (2005) 201:1479-86.
doi: 10.1084/jem.20050473

Frosch M, Roth J. New insights in systemic juvenile idiopathic arthritis—
from pathophysiology to treatment. Rheumatology (2008) 47:121-5.
doi: 10.1093/rheumatology/kem271

Mellins ED, Macaubas C, Grom AA. Pathogenesis of systemic juvenile
idiopathic arthritis: some answers, more questions. Nat Rev Rheumatol.
(2011) 7:416-26. doi: 10.1038/nrrheum.2011.68

Gohar E Kessel C, Lavric M, Holzinger D, Foell D. Review of biomarkers
in systemic juvenile idiopathic arthritis: helpful tools or just playing tricks?
Arthritis Res Ther. (2016) 18:163. doi: 10.1186/s13075-016-1069-z

100.

101.

102.

103.

Faust A, Voller T, Busch F, Schafers M, Roth J, Hermann S, et al. Development
and evaluation of a non-peptidic ligand for the molecular imaging of
inflammatory processes using SI00A9 (MRP14) as a novel target. Chem
Commun. (2015) 51:15637-40. doi: 10.1039/C5CC07019H

Voller T, Faust A, Roth J, Schafers M, Vogl T, Hermann S. A Non-
Peptidic S100A9 specific ligand for optical imaging of phagocyte activity
in vivo. Mol Imaging Biol. (2018) 20:407-16. doi: 10.1007/s11307-017-
1148-9

Comi G, Jeffery D, Kappos L, Montalban X, Boyko A, Rocca MA,
et al. Placebo-controlled trial of oral laquinimod for multiple
sclerosis. N Engl ] Med. (2012) 366:1000-9. doi: 10.1056/NEJMoall
04318

D’Haens G, Sandborn WJ, Colombel JE, Rutgeerts P, Brown K, Barkay H, et al.
A phase II study of laquinimod in Crohn’s disease. Gut (2015) 64:1227-35.
doi: 10.1136/gutjnl-2014-307118

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could

97. Shenoi S, Ou JN, Ni C, Macaubas C, Gersuk VH, Wallace CA, et al. be construed as a potential conflict of interest.
Comparison of biomarkers for systemic juvenile idiopathic arthritis. Pediatr
Res. (2015) 78:554-9. doi: 10.1038/pr.2015.144 Copyright © 2019 Holzinger, Tenbrock and Roth. This is an open-access article
98. Foell D, Wittkowski H, Roth J. Mechanisms of disease: a 'DAMP’ view distributed under the terms of the Creative Commons Attribution License (CC BY).
of inflammatory arthritis. Nat Clin Practice Rheumatol. (2007) 3:382-90. The use, distribution or reproduction in other forums is permitted, provided the
doi: 10.1038/ncprheum0531 original author(s) and the copyright owner(s) are credited and that the original
99. Tasher D, Somekh E, Dalal I. PFAPA syndrome: new clinical  publication in this journal is cited, in accordance with accepted academic practice.
aspects  disclosed.  Archi  Dis  Childhood  (2006)  91:981-4. No use, distribution or reproduction is permitted which does not comply with these
doi: 10.1136/adc.2005.084731 terms.
Frontiers in Immunology | www.frontiersin.org 153 February 2019 | Volume 10 | Article 182


https://doi.org/10.1002/art.20494
https://doi.org/10.1084/jem.20082481
https://doi.org/10.1084/jem.20050473
https://doi.org/10.1093/rheumatology/kem271
https://doi.org/10.1038/nrrheum.2011.68
https://doi.org/10.1186/s13075-016-1069-z
https://doi.org/10.1038/pr.2015.144
https://doi.org/10.1038/ncprheum0531
https://doi.org/10.1136/adc.2005.084731
https://doi.org/10.1039/C5CC07019H
https://doi.org/10.1007/s11307-017-1148-9
https://doi.org/10.1056/NEJMoa1104318
https://doi.org/10.1136/gutjnl-2014-307118
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

l" frontiers
in Immunology

REVIEW
published: 04 March 2019
doi: 10.3389/fimmu.2019.00346

OPEN ACCESS

Edited by:
Abbe N. de Vallgjo,
University of Pittsburgh, United States

Reviewed by:

Michael Hickey,

Monash University, Australia
James N. Jarvis,

University at Buffalo, United States

*Correspondence:
Peter A. Nigrovic
pnigrovic@bwh.harvard.edu

Specialty section:

This article was submitted to
Autoimmune and Autoinflammatory
Disorders,

a section of the journal

Frontiers in Immunology

Received: 14 December 2018
Accepted: 11 February 2019
Published: 04 March 2019

Citation:

Grieshaber-Bouyer R and Nigrovic PA
(2019) Neutrophil Heterogeneity as
Therapeutic Opportunity in
Immune-Mediated Disease.

Front. Immunol. 10:346.

doi: 10.3389/fimmu.2019.00346

Check for
updates

Neutrophil Heterogeneity as
Therapeutic Opportunity in
Immune-Mediated Disease

Ricardo Grieshaber-Bouyer' and Peter A. Nigrovic "?*

" Division of Rheumatology, Immunology and Allergy, Brigham and Women'’s Hospital, Boston, MA, United States, 2 Division
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Neutrophils are versatile innate effector cells essential for immune defense but also
responsible for pathologic inflammation. This dual role complicates therapeutic targeting.
However, neither neutrophils themselves nor the mechanisms they employ in different
forms of immune responses are homogeneous, offering possibilities for selective
intervention. Here we review heterogeneity within the neutrophil population as well as in
the pathways mediating neutrophil recruitment to inflamed tissues with a view to outlining
opportunities for therapeutic manipulation in inflammatory disease.

Keywords: neutrophil, immune mediated disease, therapeutic opportunities, granulopoiesis, neutrophil migration,
CD177, autoimmune, therapeutic targeting

INTRODUCTION

Circulating leukocytes have long been categorized by microscopic appearance as lymphocytes,
monocytes, and granulocytes. In the late 1870s, Paul Ehrlich distinguished neutrophils from
eosinophils and basophils using aniline stains (1). Neutrophils are diverse in phenotype, although
the understanding of this heterogeneity remains relatively basic. Related challenges include
the relative homogeneity of neutrophils on microscopic examination, a paucity of surface
markers defining clear-cut subgroups, short in vitro lifespan, and susceptibility to activation with
manipulation. Experiments using newer techniques such as mass cytometry and RNAseq often
exclude neutrophils by restricting analysis to cryopreserved peripheral blood mononuclear cells
(PBMC) or to cells with high mRNA content. The definition of subpopulations within neutrophils
has thus lagged behind work in other lineages.

This gap does not reflect doubt about the immune importance of neutrophils. Quantitative
and qualitative neutrophil defects expose patients to a high risk of infection, amply displayed
in both congenital and acquired neutrophil disorders (2, 3). In mice, neutropenia resulting, for
example, from congenital deficiency of the transcription factor Gfil translates into high mortality
from bacterial pathogens (4). Safety concerns translate into an understandable reluctance to target
neutrophils therapeutically.

The failure to develop such strategies passes up potential opportunities to intervene in
human disease. Neutrophils feature prominently in pathogenic sterile inflammation. For example,
neutrophils are ubiquitous in the inflamed joint in rheumatoid arthritis (RA), in peritonitis
associated with familial Mediterranean fever, and in the neutrophilic dermatoses (5-7). Among
the pediatric rheumatic diseases, neutrophils are uniformly present in inflamed juvenile idiopathic
arthritis (JTA) synovial fluid and have been implicated in the pathogenesis of the childhood-
restricted vasculitis Kawasaki disease (8—-11) While presence alone does not establish causation,
evidence for a pathogenic role is frequently compelling. For example, experimental arthritis is
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abrogated in mice that lack neutrophils or with impaired
neutrophil migration or function (12-15). Analogous studies
implicate neutrophils as key effectors in a myriad of immune
mediated diseases, including neuroinflammation, colitis, and
bullous pemphigoid (16, 17). Neutrophils therefore remain an
interesting drug target.

The therapeutic challenge is to develop strategies that preserve
the defensive contribution of neutrophils while hindering
their capacity to mediate sterile inflammation. Selectivity may
be achieved by leveraging differences within the neutrophil
population, in the way that cancer chemotherapy for targets
cells that undergo frequent mitosis or bear specific mutations.
Opportunities to drive a “wedge” between protective and
pathogenic functions could also arise through differences in
effector pathways that neutrophils engage in responding to
sterile and septic triggers. This review will explore these
possibilities with a view to highlighting potential treatment
targets in neutrophils.

NEUTROPHIL BIOLOGY: ONTOGENY
AND LIFECYCLE

Neutrophils arise from hematopoietic stem cells (HSCs) in
bone marrow, spleen, and probably lung (Figure 1) (24, 25)
HSCs give rise to multipotent progenitors (MPP), which yield
common myeloid progenitors (CMP) and then granulocyte
monocyte progenitors (GMP). The latter commit to a program
to become monocyte/dendritic cells, mast cells, basophils,
or neutrophil/monocytes (26). A proliferation-competent
committed progenitor termed a preNeu develops into post-
mitotic immature neutrophils (myelocytes, metamyelocytes,
band cells) and finally segmented mature neutrophils (18).
Immature neutrophils are also be found in peripheral blood
in time of immunologic stress. Granulopoiesis is stimulated
predominantly through the IL-23/IL-17/G-CSF axis and
to a lesser extent by GM-CSF and M-CSE although mice
lacking all three colony stimulating factors still have ~10% of
normal circulating neutrophils (19, 27). Other cytokines have
also been implicated, for example IL-6, which has a special
importance in emergency granulopoiesis in response to systemic
infection (24, 28).

Studies in mice suggested a circulating neutrophil half-life
of 1.5h by exogenous labeling followed by transfer and 8-10h
after in vivo labeling (29, 30). In humans, endogenous labeling
raised the possibility that the neutrophil lifespan may be as
long as 5.4 days (half-life 3.7 days) (20). This surprising result
reflects assumptions about the relationship between marrow and
circulation that have been disputed, and more recent studies
suggest instead a half-life of 19h, conforming more closely to
murine data and to conventional expectations (31, 32). In vitro,
human neutrophils typically undergo apoptosis within 24 h, but
>90% viability even after 9 days can be achieved in the presence
of GM-CSF (33). Thus, whatever the basal half-life of circulating
neutrophils, it is likely that some neutrophils live for a prolonged
period in vivo, especially in an inflamed context.

Neutrophils released into circulation can follow several paths
(Figure 1) (34). The simplest is uneventful aging followed

by return to the bone marrow, a process influenced by the
microbiome and mediated through progressive expression of
the SDF-1 (CXCL12) receptor CXCR4 in older neutrophils
(35-38). Production of mediators by marrow macrophages
phagocytizing aged neutrophils in turn regulates granulopoiesis,
forming a “neutrostat” that contributes to circadian release of
fresh neutrophils into blood (36). Some circulating neutrophils
marginate in lung, also under the influence of CXCR4, where
they can combat infection locally or be released at need into the
circulation (34, 39). A marginated neutrophil population is also
observed in liver and bone marrow (40).

Neutrophils recruited to inflamed tissues undergo several
distinct fates. Some die locally through apoptosis or other forms
of cell death, including ejection of their DNA as neutrophil
extracellular traps (NETs) (41). Neutrophils can egress from
tissues via lymphatics, appearing in lymph nodes loaded with
antigen (42). Neutrophils from inflammatory infiltrates can
return to the circulation, a possibility originally visualized
in zebrafish and subsequently observed in mice (38, 43,
44). More recently, it has been recognized that neutrophils
enter some tissues even without an exogenous trigger. For
example, neutrophils promote angiogenesis in the regenerating
uterine lining and modulate metabolism in adipose tissue,
particularly in obesity (34). In healthy mice, neutrophils have
also been observed in liver, skin, intestine, skeletal muscle,
kidneys, and heart, although not in brain or gonads (45).
While the role of these patrolling neutrophils remains to be
established, one function may be to modulate the activity of local
macrophages by which they are phagocytosed at the end of their
lifespan (45, 46).

NEUTROPHIL HETEROGENEITY AS A
FUNCTION OF MATURITY

The neutrophil lifecycle accounts for substantial phenotypic
heterogeneity (Figure 1). Mature human neutrophils exhibit a
characteristic multi-lobular nucleus and high surface expression
of CD16 (FcyRII), CD62L (L-selectin), and CD10 (neutral
endopeptidase), along with neutrophil lineage markers CD15
and CD66b (21, 22). By contrast, immature neutrophils released
from marrow after immune stress are CD16!° and CD10%,
often but not invariably together with band nuclear morphology
(22, 47, 48) Neutrophils less mature than band cells exhibit
elevated CD33 (Siglec-3) and lower CXCR2, the receptor that
enables mobilization out of the bone marrow niche (18, 21,
49). Immature neutrophils express more CXCR4 than mature
neutrophils, likely promoting their retention in the bone marrow
(18). As neutrophils age, expression of CXCR4 again increases,
licensing return to the bone marrow for clearance (35). Aging
is accompanied by other changes, including elevated expression
of the integrins CD11b and CD1l1c, lower CD62L, and lower
CD47, an inhibitor of phagocytosis (23). This maturation-
related variation corresponds to changes in effector function.
Aged neutrophils can be particularly effective in migration to
sites of inflammation for immune defense, although immature
neutrophils display superior bactericidal function against certain
pathogens (50, 51). Murine spleen contains a mature Ly6GM
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FIGURE 1 | Lifecycle of human neutrophils. Neutrophils arise in bone marrow, spleen and (at least in mice) in lung from hematopoietic stem cells (HSC), progressing
to committed granulocyte-monocyte progenitors (GMP), and then through a set of intermediate stages to mature neutrophils. Neutrophils exit to blood under the
control of CXCR2, usually as mature cells but under conditions of stress also as immature cells. Over time, neutrophils age, expressing CXCR4 that mediates return to
marrow. Alternate pathways for blood neutrophils include intravascular activation, intravascular margination, homeostatic migration into tissues, or migration into
inflamed tissues. Clearance occurs via macrophages either in tissues or in bone marrow. The localization of the recently-defined preNeu in the previously-accepted
neutrophil ontology (GMP — myeloblast — promyelocyte — myelocyte) remains uncertain; one plausible configuration is shown. The small circular arrow O reflects
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population of motile, highly phagocytic neutrophils as well as
immature Ly6G!® neutrophils with a preserved capacity for
mitosis, limited mobility, and low phagocytic capacity (49).
In humans receiving G-CSF, immature CD10"®¢ neutrophils
stimulate T cells while mature CD10P* neutrophils are
suppressive (22).

NEUTROPHIL HETEROGENEITY AS A
FUNCTION OF ACTIVATION STATE

Beyond maturational changes, neutrophils shift phenotype with
activation. Mobilization of intracellular granules brings not only
soluble mediators but also pre-formed membrane proteins to
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the neutrophil surface. These include CD66b, the o and B
chains of the B2 integrin CD11b/CD18 (Mac-1), and in some
individuals CD177 with its associated protease proteinase 3
(PR3) (21, 52, 53). Other surface markers are lost, including
CD62L, which is rapidly shed in activated neutrophils. Activated
neutrophils exhibit multiple changes in function compared with
resting neutrophils. Inside-out signaling and clustering enhance
integrin binding, and activated neutrophils thus exhibit enhanced
mobility as well as production of lipid mediators, cytokines,
chemokines, and reactive oxygen species (54).

Neutrophils acquire additional surface markers that reflect
their migratory history (Figure1l). Many neutrophils that
transmigrate into inflamed tissue do not die by apoptosis,
as was previously assumed, but rather migrate back into
the circulation (38, 43, 44). In human neutrophils, in vitro
reverse transendothelial migration correlates with the appearance
of surface ICAM-1 (CD54), elevation of CD18, and lower
CD62L, CXCR1 and CXCR2 (55). In mice, reverse-migrated
neutrophils are characterized by ICAM-1 and upregulation
of CXCR4 through which they can “transplant” inflammation
from the periphery to the lung before returning to the bone
marrow for final clearance (38, 44, 56). ICAM-1 elevation
has also been reported in human neutrophils after prolonged
in vitro stimulation and in a CD16MCD62L°CD11bMCD11cM
peripheral blood neutrophil population induced in normal
donors treated with i.v. LPS, and hence is not restricted to
reverse-migrated neutrophils (20). Thus healthy donors exhibit
an almost uniform signature of mature neutrophils in blood,
CD11b+CD16MCD62LMCD10M. After administration of LPS or
G-CSE additional populations appear, including immature cells
(CD11b°CD16°CD62LMCD10", banded nuclear morphology)
and cells with a phenotype suggestive of activated mature cells
(CD11bMCD16MCD62L°CD10+, increased nuclear lobulation)
(20, 22) Intriguingly, this latter subgroup can be found even
in normal marrow; labeling studies suggest a similar age to
mature neutrophils, raising the possibility that some CD62L!°
cells may not be mature neutrophils activated intravascularly but
rather a distinct type of neutrophil released directly from marrow
under stress (57).

NEUTROPHIL HETEROGENEITY BEYOND
AGING AND ACTIVATION

The broad phenotypic variability associated with maturation and
activation complicates the task of discerning additional axes of
heterogeneity in the form of discrete neutrophil subsets. This
topic has been expertly reviewed (40, 58, 59). We will focus
on targetable neutrophil heterogeneity by limiting consideration
here to three areas: low-density neutrophils, immunomodulatory
neutrophils, and neutrophil subgroups defined by the surface
marker CD177.

Low-Density Neutrophils

The average density of neutrophils from healthy subjects is
>1.080 g/ml and therefore higher than lymphocytes (1.073-
1.077 g/ml) and monocytes (1.067-1.077 g/ml) (60). Density

gradient centrifugation leverages these differences to separate
PBMC from granulocytes. Low-density neutrophils (LDN, also
termed low-density granulocytes) are neutrophils found in the
PBMC layer rather than the granulocyte pellet (61, 62). On
microscopic examination, many display an immature nuclear
morphology, and gene expression studies suggest immaturity of
the population as a whole, although expression of CD10 and
other markers of maturity (e.g., CD16™) suggest that not all
LDN are neutrophils released prematurely from the marrow (22,
62, 63). Importantly, normal-density neutrophils (NDN) exposed
to sera containing complement or immune complexes can also
segregate with PBMC, highlighting the dynamic nature of density
as a physical property of neutrophils that reflects factors such
as granule content and cytoplasmic volume (22, 61). Elevated
CD66b and CD11b further suggest that some LDN represent
activated mature cells (62). In mice, interconversion between
LDN and NDN occurs in neutrophils adoptively transferred into
live animals, while ex vivo TGF-B treatment induces LDN-like
features in NDN (64). Thus, LDN likely represent a diverse
population of immature and activated mature neutrophils.

Elevation in peripheral blood LDN has been observed in
many states of immune stress, including acute rheumatic fever,
JIA, RA, systemic lupus erythematosus (SLE), autoinflammatory
diseases, G-CSF administration, cancer, and sepsis (61-67). Their
characteristics vary widely with context, and can for example
include enhanced production of pro-inflammatory cytokines
such as TNF and type I interferons, spontaneous NET generation
(discussed further below), and immunosuppressive capacity (40).
LDN thus reflect the phenotypic and functional plasticity of the
neutrophil lineage. Whether some LDN also represent a discrete,
stable neutrophil subset remains to be determined.

Immunomodulatory Neutrophils

The view of neutrophils as simple foot-soldiers of immunity has
given way to a more nuanced understanding of these cells as full
participants in the immune network. Examples of the reciprocal
interchange between neutrophils and adaptive immunity are
abundant. Neutrophils home to lymph nodes in response to
CCL19 and CCL21, carrying antigen for presentation to T cells in
the context of MHC IT and the canonical costimulatory molecules
CD80 and CD86 (68-74). Neutrophils can differentiate into cells
with surface and functional similarity to dendritic cells (75, 76).
CD15™/°CD16™/1°WCD11b"8" “B helper” (Npp) neutrophils
have been reported in the marginal zone between lymphoid white
pulp and non-lymphoid red pulp of human spleen than interact
with B cells to promote IgM production and Ig class switching
(77). The Npy phenotype develops under the influence of IL-10
from local cells, including splenic endothelial cells, and confers
the capacity to produce mediators including APRIL, BAFF, and
IL-21. Of note, not all investigators have observed these cells
in human spleen, such that further exploration of Npy cells
is required (78).

Neutrophils can also suppress adaptive immunity. This
capacity has gained particular attention in cancer biology,
where neutrophils can promote tumor growth by inhibiting
responding lymphocytes (64, 79, 80). Mechanisms include
arginase-1 to deplete extracellular arginine required for T
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cell function, reactive oxygen and nitrogen species to impair
effector T cells in favor of regulatory T cells, IL-10, and TGEF-
P as immunosuppressive mediators, and pathways mediated
through direct cell-cell contact (20, 34, 81). Myeloid cells
with the capacity to block T cell activation (and under some
conditions B cells and NK cells) have been termed myeloid-
derived suppressor cells (MDSC), a loosely-defined category now
recognized to include both neutrophil-like and monocyte-like
cells (82, 83). Neutrophilic MDSC (so-called PMN-MDSC) are
typically considered relatively immature, but in G-CSF-treated
donors suppressive capacity in fact resides within the mature
(CD10+) fraction, both LDN and NDN (22, 83). Suppressive
capacity can also be elicited ex vivo in healthy-donor neutrophils
exposed to TLR ligands, consistent with in vivo LPS challenge
data (20, 81). Immunosuppressive capacity is thus available to
neutrophils at a range of maturational states with appropriate
stimulation. It remains to be established whether this capacity
represents part of a broader differentiation program in a limited
group of neutrophils—i.e., whether PMN-MDSC represent one
or more distinct neutrophil subsets.

CD177

Another protein expressed dichotomously in human neutrophils
is CD177, originally known as NB1 (84). A glycoprotein of ~60
kD attached to the neutrophil surface via a GPI linker, CD177 is
present on 40-60% of neutrophils in most donors, with a range
extending from 0 to 100%; some individuals manifest a CD177!1t
population as well (52, 85, 86). Like another dichotomously-
expressed neutrophil protein olfactomedin 4 (OLFM4), CD177
is localized to the specific granules, residing in the granule
membrane for rapid mobilization to the surface with cell
activation; however, CD177P° and OLFM4™ subsets otherwise
exhibit no interdependence (52, 87).

The function of CD177 is incompletely understood. Lacking
a transmembrane domain, CD177 cannot itself transmit a
signal intracellularly, but antibody ligation studies show that
CD177 can signal through the B2 integrins with which it
associates in cis at the neutrophil surface (88, 89). Resulting
enhancement in integrin expression and affinity translate CD177
ligation into neutrophil arrest, blocking transmigration (89).
CD177 thus functionally echoes murine Ly6G, a neutrophil-
restricted GPI-linked protein from the same Ly6/UPAR protein
family that also interacts with P2 integrins and can modulate
neutrophil migration, although Ly6G ligation appears to impair
rather than enhance integrin binding (15, 90, 91). The
endogenous receptor for CD177 remains uncertain. In vitro data
implicate the endothelial adhesion molecule PECAM-1; however
CD177P° neutrophils display no particular affinity for PECAM-
1-expressing platelets or in vivo migratory advantage, rendering
the physiological significance of the in vitro observations
uncertain (89, 92-94) Interestingly, CD177 specifically binds the
neutrophil protease PR3, which is stored primarily in azurophilic
and specific granules in resting neutrophils and mobilized to
the membrane during activation, such that CD177P% cells
are identical to PR3P cells among activated neutrophils (95-
97) Some data suggest that PR3 may promote the migration
of CD177P% neutrophils, but more recent data indicate that

CD177 binding impairs PR3 function, leaving the functional
implications of the CD177-PR3 interaction uncertain (92, 98).

The basis for the expression of CD177 in some neutrophils
but not others is partially understood. CD177 resides adjacent
to a related pseudogene CD177P1 that is characterized by a stop
codon in the region corresponding to CD177 exon 7. Through
a process of homologous recombination (gene conversion),
approximately 12% of CD177 alleles feature the CDI177PI
stop codon and thus represent null variants. Accordingly, the
observed allelic distribution matches that expected by Hardy-
Weinberg equilibrium, with 78% WT/WT, 19% WT/null, and 3%
null/null (85, 99). In subjects with 2 intact copies of CD177, the
CD177P° fraction is typically 50-98%; in WT/null, 10-60%; and
in null/null 0%. Why some neutrophils from WT/WT donors
lack CD177 expression remains undefined, but presumably
reflects epigenetic regulation (100). Interestingly, in individuals
with 2 intact copies of CDI77, epigenetic control enforces
expression of single parental allele in all CD177-expressing
neutrophils, although the purpose of such tight control is
unknown (101).

Distinct immunological roles of CD177P% and CD177"8
neutrophils have not yet been established. Individuals with
nearly 100% CD177P°® neutrophils or lacking CD177 altogether
appear healthy. The proportion of neutrophils expressing CD177
in an individual typically remains stable over time but rises
in pregnancy, sepsis, and pathologic conditions including
polycythemia vera, vasculitis, and SLE (86, 102). Studies of
circulating CD177P°® and CD177"¢ neutrophils reveal similar
expression of integrins and Fc receptors, fibronectin adhesion, in
vitro migration, and reactive oxygen species production (89, 103).
Gene expression profiling using microarrays identified minor
differences, principally in genes encoding granule proteins,
although protein levels remained similar (104). Surface PR3 has
been proposed as a potential modulator of T cell proliferation
(105). A recent study suggested that CD177P% cells express
enhanced bactericidal capacity as well as IL-22 production,
reflecting a potentially protective role in inflammatory bowel
disease, including through use of a murine model (106).
However, the use of an antibody clone that is known to activate
neutrophils (MEM-166) to sort CD177 populations complicate
the interpretation of these data, as functional measures may
become confounded by the activation-mediated effect of the
antibody itself (89). CD177 may be of interest in vasculitis,
as it can mediate the tethering of PR3, the target of c-ANCA
autoantibodies to the neutrophil surface.

MIGRATORY PATHWAYS AS A WEDGE
BETWEEN PROTECTIVE AND
PATHOLOGIC FUNCTIONS

IN NEUTROPHILS

Beyond population heterogeneity, opportunities for intervention
in neutrophil biology could emerge through effector pathways
that are employed differentially in pathogenic and defensive
functions. Given the myriad effector pathways employed by
neutrophils, it is likely that there are multiple such opportunities.
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For example, in zebrafish, H,O, is required for initiation
of neutrophil recruitment to wounding but dispensable for
migration toward injected bacteria (107). The zebrafish IL-
1B ortholog and its downstream signaling partner MyD88
are similarly required for neutrophil recruitment triggered by
wounding but not bacteria (108). We will focus here on another
intriguing discrepancy between sterile and septic neutrophil
migration related to the role of neutrophil B2 integrins.

The leukocyte recruitment cascade is well-established (54,
109). Circulating neutrophils roll across the endothelial surface
under the influence of adhesive interactions between endothelial
P- and E-selectins and neutrophil ligands including PSGL-I,
further slowed by weak, transient interactions between other
receptor-ligand pairs such as endothelial ICAM-1 and low-
affinity neutrophil B2 integrins. With activation, endothelial cells
upregulate these adhesion molecules and neutrophils augment
the quantity and affinity of surface integrins, resulting in
neutrophil arrest. Further neutrophil activation via chemokines
presented on the endothelial glycocalyx and/or transported
by endothelial cells to the luminal surface solidifies the
attachment through post-adhesion strengthening (54, 110).
Adherent neutrophils crawl in an integrin-dependent manner to
sites suitable for transmigration between or through endothelial
cells and then along sub-endothelial pericytes to sites of eventual
egress into tissue (111, 112). While much of this cascade
has been defined in mice, human relevance is supported by
the susceptibility to infection in patients lacking the p2 chain
CD18 (113).

Yet this selectin-integrin paradigm is not the whole story.
Neutrophils lacking all integrins can migrate through the 3-
dimensional matrix of tissue interstitium via amoeboid motion
(“flowing and squeezing”) (114) Mice lacking B2 integrins or
subject to integrin blockade still mount neutrophilic infiltrates. In
particular, neutrophils can enter the airway without B2 integrins,
although entry into the pulmonary parenchyma exhibits partial
integrin dependence, as shown in studies employing adoptive
transfer of mixed wild-type and CD18-/- neutrophils (90,
115-120) Indeed, under certain circumstances integrins slow
neutrophil migration into lung, such that impairing integrins
actually promotes neutrophil entry (116, 120). Consistent with
these murine findings, neutrophilic pneumonia is observed in
humans and cows lacking CD18, although recurrent pulmonary
infections remain a clinical feature of this immunodeficiency
in both species (113, 121, 122). In peritoneum, migratory
impairment resulting from integrin deficiency or blockade is
partial, with marked variability among experimental systems
(90, 115, 116, 123-125). In the liver, integrins mediate neutrophil
accumulation after thermal injury but are dispensable for
migration induced by live bacteria in favor of CD44-hyaluronan
adhesion (126). In other sites, B2 integrins play a more
clear-cut role, including skin and in joints inflamed through
immune complex deposition, although at least in joints the
initial dependence on integrins may become less prominent
as inflammation proceeds (13, 110, 114, 116, 127-129). Thus,
mechanisms employed by neutrophils to enter tissues vary with
site and also with stimulus, via pathways not limited to the classic
leukocyte adhesion cascade.

Could this variability be exploited therapeutically? In liver,
sterile infiltration is dependent on P2 integrins, while these
integrins appear dispensable for septic infiltration (126).
The generalizability of this principle was tested in murine
peritoneum. Co-transfer of WT and CD18-/- neutrophils
identified a markedly greater role for B2 integrins in sterile
than septic peritonitis (i.p. IL-1p vs. live E. coli) (90).
Correspondingly, targeting integrin-mediated neutrophil
recruitment via an antibody directed against the integrin
modulator Ly6G attenuated only sterile neutrophil infiltration,
and then only in neutrophils expressing CDI18. Consistent
with the known variation in integrin dependence, ligation of
Ly6G attenuated integrin-dependent arthritis and integrin-
mediated post-adhesion strengthening on inflamed cremaster
muscle but had no effect on integrin-independent neutrophil
infiltration into lung (15, 90). These findings suggest that
neutrophil migration in sterile disease could potentially be
targeted without impairing antimicrobial defense. To the extent
that integrin compromise can be rendered neutrophil-selective,
as with Ly6G ligation, blockade is unlikely to phenocopy human
CD18 deficiency, which impacts not only neutrophils but also
monocytes, macrophages, and T cells. Humans do not express
Ly6G, but CD177 could potentially fulfill a similar role, given
its similar structure, selective expression in neutrophils, spatial
association with B2 integrins, and capacity to block neutrophil
migration upon ligation (88, 89, 91, 93). Anti-CD177 (clone
MEM166) arrests migration by enhancing integrin-mediated
adhesion via mechanisms including inside-out signaling and
impaired integrin recycling (89). Since the relevant endogenous
counterligands of both Ly6G and CD177 are unknown, it remains
unclear if this difference in effect reflects intrinsic differences
between these proteins or variability among the available
targeting antibodies.

Importantly, not only integrin binding but also timely
integrin release is required for successful transmigration.
Interference with this step through interventions that prevent
integrin affinity modulation represent a further opportunity
for intervention in migration, a “leukadherin”-type mechanism
(120, 130). To date, however, this approach lacks specificity
for neutrophils.

NEUTROPHIL TARGETING IN
INFLAMMATORY DISEASES

Heterogeneity within the neutrophil population and in the
pathways that neutrophils employ to access inflamed tissues
represent opportunities for intervention in neutrophil-mediated
disease. None of these have yet been explored definitively, so this
discussion remains necessarily speculative. We will focus on three
diseases: inflammatory arthritis, SLE, and vasculitis.

Inflammatory Arthritis

This disease family encompasses conditions including JIA,
adult RA, and crystalline arthropathies such as gout (131).
The presence of neutrophils in the joint fluid is the sine qua
non of active inflammation across this spectrum. Experimental
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data across species implicate neutrophils in both initiation and
perpetuation of disease (13-15, 132-134). Neutrophils stimulated
via C5a arrest at the synovial endothelium in a B2 integrin-
dependent manner and transmigrate under the influence of
leukotriene B4 (LTB4) and other chemokines (110, 135, 136).
Within the joint, activated neutrophils provide LTB4 and IL-
18 that amplify the inflammatory process (13, 136, 137).
Abundant in synovial fluid, neutrophils remain sparse in synovial
tissues, although they can be observed in the inflamed pannus
early in disease and at the cartilage-pannus junction (138,
139). Their proteases can injure cartilage, including through
“frustrated phagocytosis” of embedded immune complexes
(140). More recently, neutrophils have been recognized as
a source of citrullinated autoantigens in seropositive RA
at sites including joint, oropharynx and lung (141-147).
Interestingly, not all neutrophil activity in arthritis is pathogenic.
Neutrophil microvesicles can protect cartilage by promoting
local production of TGF-B (148). In gout, aggregated NETs can
help resolve flares through protease-mediated clearance of pro-
inflammatory mediators, though the practical contribution of
these mechanisms remains unclear (149, 150).

Neutrophils likely play roles in arthritis beyond their
immediate impact within the joint environment. Their capacity
for regulation of B cells and T cells, and for transport and
presentation of antigen, has been noted above. Neutrophils
provide mediators that contribute to systemic inflammation.
For example, they are a major source of the pro-inflammatory
calgranulins S100A8/A9 and S100A12, danger-associated
molecular pattern (DAMP) proteins that can activate other
cells via pathways including TLR4 ligation (151-153). In
systemic JIA, a form of childhood arthritis characterized by
fever and rash, concentrations of these mediators in blood
are highly elevated, correlating with circulating neutrophil
counts and potentially contributing to IL-1B release by
monocytes and other cells (48, 154). Recent studies have
identified a specific expansion of hypersegmented CD16P°
CD62LY™ neutrophils in patients with systemic JIA with
active, systemic symptoms compared to patients with
active arthritis or inactive disease (155). These changes
in phenotype and count are accompanied by a sepsis-
like transcriptomic pattern in systemic JIA circulating
neutrophils (67).

Points of intervention in neutrophil biology in arthritis
range across a broad spectrum, including recruitment, effector
pathways, and antigen generation. Mechanisms of recruitment
blockade in mice include neutrophil-specific integrin blockade
and chemokine antagonism (15, 90, 156). Targeting toxins and
other compounds to neutrophils, e.g., via scavenger receptors,
could potentially hasten resolution of inflammation (157). A
similar strategy could alter the ability of neutrophils to generate
citrullinated autoantigens, for example by introducing inhibitors
of peptidylarginine deiminase enzymes (158). Of note, RA was
one of the first diseases to be associated with LDN (61). Induction
of the LDN phenotype by RA plasma, complement, or aggregated
IgG suggests that LDN could represent an activated and/or
degranulated cell population (61, 159). Direct ex vivo analysis of
RA LDN has found markers of immaturity but failed to identify

the enhanced capacity for NET formation observed in SLE LDN,
such that their role in antigen generation remains uncertain (63).

Systemic Lupus Erythematosus

The evidence for a role for neutrophils in SLE is now compelling,
as has been reviewed in depth (158, 160, 161) Most of the
attention has focused on LDN and NETs. The presence of
neutrophils in PBMC preparations was described originally in
a cohort of diseases including SLE, and it was in SLE that
the term “low density granulocytes” was first applied (61, 62).
LDN within SLE have several features that suggest a role in
disease pathogenesis. They can elaborate type I interferons and
generate NETSs in vitro without exogenous stimuli, expose SLE-
associated autoantigens and stimulate interferon production by
plasmacytoid dendritic cells. (62, 162-164). Free DNA has been
observed in lupus nephritis kidneys, potentially reflecting an
impaired ability to clear NETs (165). Indeed, some SLE patients
exhibit autoantibodies against DNase I, the enzyme primarily
responsible for NET clearance, or against the NET themselves
that block enzymatic attack (165). NETs can be elicited by anti-
phospholipid antibodies, potentially contributing to elevated
thrombosis risk in SLE (166). Finally, neutrophils may contribute
to aberrant B cell development in SLE bone marrow through
production of IFNa and B cell growth factors (167).

This substantial evidence base renders neutrophils, and
particular NETosis, an intriguing therapeutic target in SLE
(158). Interference with NETosis can ameliorate manifestations
of experimental SLE (168, 169). Importantly, however, genetic
deficiency of PAD4 and other pathways required for NETosis can
have no effect or even worsen SLE-like disease in mice (170-
172). Which murine studies replicate the human potential of
NET blockade remains to be determined. Depleting or blocking
LDN could represent an avenue forward, but will require further
understanding of their origin and role in immune defense as well
as in pathogenic inflammation.

Vasculitis

Inflammatory disease of blood vessels can assume many forms,
with a severity ranging from trivial to catastrophic. Neutrophilic
infiltration into blood vessels is a common feature of vasculitis.
For example, neutrophils are the dominant tissue leukocyte
in immune complex-mediated leukocytoclastic vasculitis and
in inflamed coronary arteries in Kawasaki disease (173-175).
Neutrophils may mediate Henoch-Schonlein purpura (HSP),
the most common childhood vasculitis, through their ability
to recognize the Fc portion of IgA molecules (176). In anti-
neutrophil cytoplasmic antibody (ANCA)-associated vasculitis
and related in vivo disease models, the neutrophil enzymes PR3,
and myeloperoxidase are targeted by autoantibodies and play a
potential pathogenic role, mediating neutrophil activation and
P2 integrin-dependent adhesion to endothelium (177-182). For
PR3, the subset of neutrophils expressing CD177 may play a
particularly important role, because CD177 binds PR3 to enable
surface expression at high level (92, 96). This binding enables
anti-PR3 antibodies to activate neutrophils by signaling via
CD177-associated integrins, potentially similar to the activation
of neutrophils via anti-CD177 antibodies (88, 89, 103). Of
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note, PR3 may be expressed via CD177-independent pathways,
and CD177 expression is not an invariable requirement
for neutrophil-mediated inflammation induced via anti-PR3
antibodies (102, 183). ANCAs bound to the neutrophil surface
also activate neutrophils via their surface Fc receptors and
can trigger NETs that contribute to tissue injury (184-186).
Detailed mechanistic understanding of the role of neutrophils in
non-ANCA vasculitis remains more limited, but it is plausible
to suspect that their presence in these sterile inflammatory
infiltrates reflects a pathogenic role (187).

These considerations render neutrophils an interesting target
population in vasculitis. In some patients, there is an emergent
need to shut down inflammation to protect affected tissues
including lung, kidney, brain, nerve, and heart. In such cases,
short-term infectious risk might be a tolerable exchange for rapid
cessation of disease activity. In other cases, vasculitis is chronic
and indolent, and a more careful balancing act is required.
The neutrophil populations and pathways to be targeted vary
with the disease. These include CD177P% neutrophils in anti-
PR3 ANCA-associated vasculitis, which could be depleted or
treated to interfere with the ability of CD177 to bind PR3,
although non-CD177-mediated PR3 expression may limit the
effectiveness of such a strategy (102). Blockade of neutrophil
P2 integrins could attenuate vasculitis mediated through firm
adhesion between neutrophil and endothelium. Intracellular
activation pathways and NETs have also been proposed as
targets (188, 189).

CONCLUSIONS

Neutrophils exhibit a broad range of phenotypes. Much of
this variability reflects developmental stage and activation
status, integrating both stimulatory exposures and migratory
history. As a result, neutrophils diverge from one another in
nuclear morphology, buoyancy, surface markers, migratory, and
phagocytic capacity, NET generation, and immunomodulatory
function, among other characteristics. There remains intense
interest in the possibility that this diversity manifests specific
developmental programs to which individual neutrophils
become committed, reflecting thereby true neutrophil subsets.
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In the last years much attention has focused on the Th17 and Th1 phenotypes and
on their pathogenic role in juvenile idiopathic arthritis, investigating how the cytokines
produced by T helper cells act on resident cells on the synovia and which signal
transduction pathways regulate Th17 cells proliferation and plasticity. In this context,
an important milestone was represented by the identification of the non-classic Th1
phenotype, developed from the shift of Th17 cells. The cytokine TNF-a, beyond its
well-known proinflammatory activity is involved in this process and this is one of the
reasons why the TNF-a inhibitors are widely used in the treatment of juvenile idiopathic
arthritis patients.

Keywords: Th17, Th1, CD161+ T cells, TNF-«, synoviocytes

INTRODUCTION

Juvenile idiopathic arthritis (JIA) is one of the most common chronic conditions of childhood,
comprising several forms of arthritis characterized by persistent joint inflammation for at least 6
weeks, with an onset before the age of 16 years and with unknown cause (1, 2). The term JIA
covers seven pathologic conditions that differ for clinical presentation, disease course and treatment
response; in particular it includes systemic arthritis (sJIA), oligoarthritis, polyarthritis (both
rheumatoid factor positive or negative), psoriatic arthritis (JPsA), enthesitis-related arthritis (ERA),
and undifferentiated arthritis (1, 2). Although the cause of disease is unknown, immune cells,
including T and B lymphocytes, infiltrate the synovial membrane of inflamed joints, suggesting
that the adaptive immune system is involved in the pathogenesis of JIA (3). Human effector
CD4+ T lymphocytes can be classified in three main subsets based mainly on their immunological
functions, their cytokines production profile and their typical transcription factor expression (4).
Th1 lymphocytes express the transcription factor T-bet, produce interferon (IFN)-y, and defend
the body from intracellular infections. Th2 cells express the transcription factor GATA-3, produce
type 2 cytokines (interleukin (IL)-4, IL-5, IL-9, and IL-13) and are important to protect against
helminths (5, 6). Finally, the Th17 subset produce IL-17A, IL-17F and IL-22 (7-10), express the
transcription factor ROR-yT (11-13) and the lectin receptor CD161 (14), as typical surface marker.
Beyond their protective role against extracellular bacterial and fungal infections, Th17 cells have
been demonstrated to be important in the pathogenesis of several autoimmune and inflammatory
diseases, including multiple sclerosis, inflammatory bowel disease (IBD), psoriasis, rheumatoid
arthritis (RA), and JIA (15, 16). In humans, Th17 lymphocytes are included within the CD161+
cell fraction of circulating and tissue-infiltrating CD4+ T cells, and they develop from a CD161+
T cell precursor found in umbilical cord blood and neonatal thymus (14, 17, 18).
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Since JIA can be considered as an immune-mediated
disorder, the pharmacologic therapy is essentially based on
immunosuppressive drugs, at least when the usage of non-
steroidal anti-inflammatory drugs (NSAIDs) does not control
symptoms. Among these disease-modifying antirheumatic drugs
(DMARDs) methotrexate (MTX), is considered the first line
treatment, since its positive clinical effects are associated with low
toxic effects (19). For those patients with a suboptimal response
to non-biologic DMARDs, in particular those with polyarthritis,
the usage of biologic drugs such as tumor necrosis factor-a
(TNF-a) inhibitors (etanercept, infliximab and adalimumab),
IL-1 inhibitors (anakinra, canakinumab, and rilonacept), IL-6
inhibitor (tocilizumab), CD20/B-cell targeted (rituximab) and T-
cell co-stimulatory signal blocker (abatacept), has been proven to
be effective (19-22).

T HELPER EFFECTOR CELLS IN
OLIGOARTICULAR JIA

The synovial membrane of JIA inflamed joints shows high
degree of infiltrating mononuclear cells, including T and B
lymphocytes, dendritic cells and macrophages (3, 18, 23). Among
T cells, Thl are the most represented since these cells can
migrate in the synovia in response to the chemokine CXCL10
(24). For this reason, these cells were thought to play a key
role in the pathogenesis of oligoarticular JIA (25, 26), at least
until 10 years ago. More recently, after the identification of the
Th17 subset, many experimental data suggested their potential
pathogenic role both in adult and childhood arthritis as well as in
other inflammatory and autoimmune diseases (27, 28). Indeed,
increased levels of IL-17A and of the transcription factor ROR-
VT, as well as of Th17 cells were reported in the synovial fluid
(SF) of oligoarticular JIA patients (26, 28-31).

Moreover, Th1l7 cells have been demonstrated to
be pathogenic in several murine models of chronic
inflammatory disorders (16), such as experimental autoimmune
encephalomyelitis (7), collagen-induced arthritis (32), and
IBD (10-12).

However, despite their supposed pathogenicity, Th17 are very
rare at inflammatory sites if compared to Thl cells (28, 33). A
first explanation for this rarity is a self-regulatory mechanism
that controls Th17 cells clonal expansion. In particular, ROR-yT
favors the up-regulation of the interleukin (IL)-4 induced gene
1 (IL4I1), which encodes an l-phenylalanine oxidase that down-
regulates CD3¢e expression on T cells via the production of H,O,
(28, 34). By this way, Th17 cells display an impaired signaling
pathway downstream of the T-cell receptor (TCR), leading to
inappropriate proliferation and reduced IL-2 production upon
TCR triggering (28, 34). In addition, high IL4I1 expression
in Th17 cells induces up-regulation of Tobl, a member of
the Tob/BTG anti-proliferative protein family, involved in the
negative control of the cell cycle (35).

It has also been recently described that Th17 cells show
reduced IL-2 responsiveness since they express Musculin
(MSC), a member of the basic helix-loop-helix transcription
factors, dependent by ROR-yT, which negatively regulates the

phosphorylation level of STAT5B upon IL-2 signaling (36). In
agreement with these findings, both IL411 and MSC were found
to be selectively expressed by CD161+ T cells obtained from SF
of oligoarticular JIA inflamed joints (34, 36).

It has also been demonstrated that the development of JIA
and of other autoimmune diseases depends not only on the
amount and the phenotype of Th effector cells, but also on their
balance with Treg cells (37). Indeed, several papers demonstrated
an accumulation of Th17 and Treg cells in SF and PB of JIA
patients (31, 38, 39), in particular in active versus inactive JIA
(31), hypothesizing that the joint inflammatory status persists
despite the high frequency of Treg cells because Th17 cells show
a reduced susceptibility to their regulatory function. This could
be also related to the low proliferation rate of Th17 cells (33-36).

ROLE OF Th17 PLASTICITY IN THE
PATHOGENESIS OF OLIGOARTICULAR JIA

A second explanation for human Th17 cells rarity at inflamed
tissues is their phenotype plasticity (28). Indeed, in presence of
local inflammatory cytokines such as IL-12 and TNF-a, Th17
cells acquire the ability to produce IFN-y. At a first stage, cells
display an intermediate phenotype known as Th17/Thl and
produce both IFN-y and IL-17, but they can also rapidly loose
IL-17 secretion and become IFN-y single producers (12, 18, 40).
These Th17-derived Thl cells are defined as non-classic Thl
cells because, differently from classic Th1 cells, they maintain the
expression of ROR-yT, CD161, and CCR6 (17, 18, 28, 40), typical
molecules of the Th17 subset (Figure 1).

Th17/Th1 and non-classic Th1 cells were found to be enriched
in the SF of oligoarticular JIA children compared to their
peripheral blood (18, 40). Moreover, a positive correlation
between the frequencies of CD44CD161+ Th17/Thl cells in
the SF of inflamed joints and disease activity parameters was
described (18, 28). The shift of Th17 cells toward the non-
classic Th1 phenotype is driven by IL-12, that has been found
to be elevated in the SF of oligoarticular JIA patients (18, 40).
Moreover, the finding that SF-derived Th17 clones share similar
TCR VP spectra with Thl CD161+ clones but not with Thl
CD161- ones (18, 40), strongly supported the data of the shift
of Th17 toward non-classic Thl cells. These findings are in
agreement with several studies describing an accumulation of
Thl cells in the SF of JIA patients (25, 26), characterized as Th
cells producing IFN-y but without any distinction between the
classic and non-classic phenotypes Additional data at epigenetic
level confirm that non-classic Thl cells originate from Th17
(41); indeed it was observed that non-classic Thl cells exhibit
demethylation of RORC2 and IL17A genes, as reported for Th17
cells, whereas classic Th1 cells are completely methylated at these
loci (41).

Th17 plasticity consists not only in the acquisition of the
ability to produce IFEN-vy, but also GM-CSF (42). In fact, it has
been described an enrichment of GM-CSF producing T cells
with a non-classic Thl phenotype in the SF of oligoarticular
JIA patients (42) and induced in vitro by IL-12. This data
suggests a possible involvement not only of IFN-y but also
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the presence of IL-12 and/or TNF-a.

FIGURE 1 | Similar and distinct features of human Th1 and Th17 cells. Both classic and non-classic Th1 cells produce IFN-y, express the transcription factor T-bet
and Eomes and the surface marker CXCRS. Differently from classic, non-classic Th1 cells maintain also the expression of ROR-yT, CD161, and CCR6 as typical
transcription factor and surface markers of the Th17 phenotype. In fact, non-classic Th1 cells originate from the shift of Th17 toward the Th17/Th1 phenotype when in

of GM-CSF in JIA pathogenesis, and, accordingly, a positive
correlation between GM-CSF protein levels in the SF and the
serum parameters of disease activity was described (42).

Moreover it has been recently described that human non-
classic Th1 cells development is promoted by the transcription
factors Eomes (43), which induces and reinforces IFN-y
production, maintains the Th1 phenotype stability by inhibiting
and preventing the re-expression of ROR-y T and IL-17A and
promotes GM-CSF secretion (43). Finally, it was shown that
Eomes induces, in vitro, the production of IFN-y and GM-
CSF by human CD4+ T cells and that cells with this cytokines
profile were enriched in the SF of inflamed joints of children
with oligoarticular JIA (43). All these data further support the
pathogenic role of Th17-derived non-classic Thl cells.

Additional evidence of the pathogenic features of
CD4+CD161+4 T cells, including pure Th17 cells and their
derivative phenotypes Th17/Thl and non-classic Thl, derived
from a recent paper (44), describing that all these subsets
express CHI3LI1. This chitinase-like protein without enzymatic
activity is defined in the literature as a well-known marker of
disease activity and inflammation in several immune-mediated
disorders (44-47): its levels are elevated in SF of children affected
by oligoarticular JIA and positively correlated to inflammatory
parameters (44).

These data of Th17 plasticity, partially solve the literature
debate on the pathogenic or protective role of Th17 cells in
immunomediated disorders (48, 49), supporting the hypothesis
that, at least in JIA, the Th1 subset, both classic and non-classic,
is directly involved in the active phase of the disease when the
clinical manifestations are evident, and that the pure Th17 cells
acquire a pathogenic feature when they start to produce IFN-y

shifting toward the Th17/Th1 and the non-classic Th1 phenotype
(18, 20, 40). Anyway, it cannot be excluded that even pure Th17
cells may play a key role in the pathogenesis of JIA during the
onset and/or the early-phase of the disease.

CROSS TALK BETWEEN T HELPER CELLS
AND RESIDENT SYNOVIAL CELLS

CD4+ T helper lymphocytes orchestrate both RA and JIA
chronic inflammation producing cytokines that initiate and
maintain the process of synovial proteolysis and proliferation
as well as the angiogenesis related to the inflammatory status
(50, 51). Synovial fibroblasts (SFbs) are the main tissue resident
cell population in the synovia and it has been demonstrated
that in adult RA SFbs produce cytokines and matrix-degrading
enzymes, crucial to promote cartilage destruction and to mediate
inflammation (28, 52). In particular, it has been reported
(51) that SFbs derived from SF of oligoarticular JIA patients
express high levels of CD106 (VCAM), a sialoglycoprotein
which mediates leukocyte-endothelial cell adhesion and signal
transduction (51), and whose upregulation is critical to favor
leukocytes retention in the inflamed synovia (51). SFbs also
showed a peculiar morphology consisting in polygonal cell body,
large, and oval-shaped nucleus, many slender protrusions and
branches extended out of the cell body (51, 53). This peculiar
phenotype of oligoarticular JIA-derived SFbs, was resembled in
vitro stimulating healthy-derived SFbs with culture supernatants
from activated classic and non-classic Thl, but not from Th17,
lymphocytes. Indeed, also in these experimental conditions SFbs
upregulated CD106 expression and underwent morphological
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FIGURE 2 | Role of different T helper cell subsets in the pathogenesis of oligoarticular juvenile idiopathic arthritis. IL-17A and TNF-a produced by Th17 and Th17/Th1
cells infiltrating the inflamed joints of oligoarticular juvenile idiopathic arthritis patients, promotes IL-6 and IL-8 release by endothelial cells and synoviocytes in the
synovial membrane. These cytokines, in turn, maintain joint inflammation and induce leukocytes recruitment. Inflamed joints are also characterized by high IL-12 and
TNF-a levels, which promote Th17 cells phenotypic shift toward Th17/Th1 and non-classic Th1 cells. Non-classic Th1 cells proliferate at higher rate than Th17, and
together with classic Th1 cells secrete IFN-y and TNF-a, favoring the expression of the adhesion molecule CD106 by synoviocytes. Anti-TNF-a treatment can reduce

inflammation via both impairing Th17 cell phenotypic shift and also inhibiting CD106 upregulation on the synovial membrane.

changes (50). It has been demonstrated that TNF-« is the main
cytokine involved in this process and that IFN-y exerts a synergic
effect (51, 54). The concept that cytokines produced by T cells
play an important role on the activation of SFbs has been
confirmed also by the paper of Lavocat et al. (55). It demonstrates
with in vitro experiments that IL-17A and TNF-a alone are able
to induce the expression of IL-6 and IL-8 (55) by both endothelial
cells and synoviocytes (even if with different kinetics on each
cell type), and that a synergistic effect can be achieved from
the use of both cytokines (55). Similar results were obtained
also by stimulating endothelial cells and synoviocytes in the
presence of culture supernatants from activated T cell clones
or recombinant cytokines. Indeed, the main increase in IL-6
and IL-8 production was observed when cells were cultured
in presence of supernatants from Th17/Th1T cell clones that
contained both IL-17A and TNF-a (55). The early expression
of IL-8 in inflamed joints, directly produced also by Th17 cells
itself (9), might explain the massive neutrophil recruitment
in the acute phase (56). On the other hand, IL-6 production

might be important to sustain the pro-inflammatory process
since it is involved in the differentiation and expansion of Th17
cell (57), in VEGF production [thus mediating angiogenesis
(58)], as well as in antibody production (59) and in osteoclast
activation (55).

The IL-17 signature, which is typical of JIA, is important
also for bone and cartilage erosion. In fact, it has been
demonstrated that IL-17A acts on SFbs increasing the expression
of different types of matrix metalloproteinases, MMP-1, MMP-
3 (60). Finally, it is important to note that IL-17A production
is not strictly associated to Th17 cells, since it is produced
also by additional cells of the immune system enriched in SF
of JIA patients, such as CD3+CD8+ and CD3+4CD4-CD8- T
cells (17, 61, 62) and innate lymphoid cells (62). Collectively,
these data suggest that mechanisms actively contributing to
joint inflammation in the synovia of JIA patients depend
on the final balance and cross-talk between tissue resident
cells and immune cells from both the adaptive and innate
immune systems.
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EFFECTS OF BIOLOGICAL DRUGS IN THE
TREATMENT OF JIA: EX-VIVO AND
IN-VITRO OBSERVATIONS

Cytokines produced by immune cells (in particular T cells
and monocytes) and by tissue resident cells in the synovia
contribute to the development of JIA and are responsible
for most of the clinical manifestations of the disease. In this
view, pro-inflammatory cytokines represent a key therapeutic
target for biological treatment. The drugs mainly used and
effective in JIA inhibit the activity of TNF-a, IL-1, or IL-
6. TNF-a has pleiotropic effects in the inflamed environment
of affected joints, acting on different cell populations (51):
TNF-a mediates monocyte, macrophage and SFb activation,
and it is also responsible for inflammation induction, cartilage
degradation, bone erosion and tissue damage (51). Moreover, as
previously stated, TNF-a acts on SFbs inducing the upregulation
of CD106, thus favoring leukocytes retention within the synovia
and increasing joint inflammatory status (51). TNF-a is also
involved in the neovascularization process, leading to synovial
membrane growth, and in the process of osteoclast-containing
’pannus’ formation (51). Additionally, TNF-a interferes with
T helper cells phenotype plasticity, mediating the shifting
of Th17 lymphocytes toward non-classic Thl cells (20,
51). Nowadays, JIA patients are treated with non-steroidal
antiinflammatory drugs, corticosteroids, and disease modifying
antirheumatic drugs including TNF-a antagonists (28). Among
these antagonists etanercept is a soluble dimeric fusion protein
binding soluble TNF-a. Etanercept has been reported to induce
improvement of clinical symptoms (as measured by radiological
progression and laboratory parameters of disease activity) in
patients affected by immune-mediated arthritis, including RA,
JIA, and psoriatic arthritis (28, 63). Moreover, etanercept efficacy
in JTA treatment has been demonstrated in randomized clinical
trials, as well as in long-term observational registries (28, 64).
These clinical effects were sustained by its well-known anti-
inflammatory properties on the innate and adaptive immune
responses. Moreover, it has been reported a new mechanism of
action of etanercept, defining its inhibitory role in the plasticity
of Th17 cells toward the non-classic Th1 phenotype mediated by
TNF-a (18, 20, 28). In fact, etanercept reduces the proportion
of circulating non-classic Thl cells (20), supposed to play a
key role in the pathogenesis of oligoarticular JIA and leads
to an increased frequency of Th17 cells (20). Similar evidence
was observed also during the treatment of RA patients with
adalimumab, a fully humanized monoclonal IgGl antibody
against TNF-a (65), supporting again the important role of
this cytokine in the pathogenesis of such diseases. In fact,
after 12 weeks of treatment an increase was found in the
frequency of IL-17A producing cells that significantly correlated
with a reduction in joint inflammation (65, 66). These data
support again the important role of this cytokine in the
pathogenesis of such diseases. Moreover, it was demonstrated
that etanercept acts also on the regulation of CD106 expression
on SFbs, in fact in vitro administration of this drug negatively
interferes with the ability of both classic and non-classic
Thlcells supernatants to significantly induce CD106 expression

on SFbs (51). Taking into account the important role of CD106
expression on SFbs to mediate leukocytes adhesion, these recent
data define also the role of etanercept in interfering with the
adhesion of immune cells on SFbs. Even if these data were
obtained with in-vitro experimental models (51), they may
suggest that the reduction of inflammatory cells in the synovia,
occurring during etanercept treatment of oligoarticular JIA, may
be driven by the reduced retention of immune cells within
inflamed joints.

All these data define the immunomodulatory properties of
TNF-a inhibitors, especially of etanercept and adalimumab,
which could further explain its disease-modifying effect in JIA
(20, 51, 66). Regarding infliximab (a human-mouse chimeric
anti-TNF-o antibody) and golimumab (a fully humanized
monoclonal anti-TNF-a antibody), their use is related mainly
to polyarticular JIA and reported in case reports and open-label
trials (22).

Among additional drugs inhibiting inflammatory cytokines,
the IL-6 receptor antagonist (tocilizumab) and the IL-1
antagonists (anakinra, canakinumab and rilonacept), are
currently used in systemic JIA. Anyway these drugs were also
tested in clinical practice for oligoarticular or polyarticular JIA
(22, 67), and their efficacy may be due, at least in part, to the
interference with Thl7 expansion and differentiation in the
synovia mediated by IL-1 and IL-6.

Moreover, the use of anti-IL-12/IL-23 p40 inhibitors could
improve the course of JIA, since both cytokines are involved
in Thl and Th17 differentiation and are important regulators
of Thl17 plasticity. Ustekinumab, the human monoclonal
antibody anti- p40 subunit, is often used in the treatment
of psoriatic arthritis and ankylosing spondylarthritis in adults
and children (68) and its use in oligoarticular JIA is poor.
These data suggest that although these cytokines contribute
to joint inflammation, they may not be the principal factors
responsible and it is likely that other key mediators are involved
(ie., TNE-).

Similarly, the use of anti-IL-17A in the treatment of JIA
has been explored. In fact data from clinical trials show that
secukinumab, the high-affinity fully human monoclonal antibody
neutralizing the activity of IL-17A, can be effective in the
treatment of JPsA and ERA, suggesting that IL-17 cytokine
and Th17 cells play a key role in the pathogenesis of these
subtypes of JIA and their role is instead marginal in oligoarticular
JIA (18, 20, 40). These data suggest that the use of the
appropriate treatment and its effectiveness are related to the
different biological conditions found in the different subtypes
of JIA (69).

Finally, since oligoarticular JIA is mainly considered to arise
due to a dysregulated adaptive immunity, involving Thl and
Th17 effector cells and Treg cells, abatacept was used for
its treatment. Abatacept is a chimeric CTLA4 and IgG Fc
fusion protein, that, binding to CD80/86 molecules instead
of CD28, reduces T helper cells activation. In the treatment
of oligoarticolar JIA, it has been demonstrated that abatacept
reduced proliferation of CD4+ T cells and their cytokines
production (mainly IFN-y and TNF-a) (21) and reduced the
induction of Ig production by B cells (70).
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CONCLUSION

In this review, we analyzed the role of different types of T
helper cell subsets in the pathogenesis of JIA with particular
attention to Th17 and Thl phenotype (Figure2). Both Thl
and Thl7 cells are critical for the pathogenensis of the
disease: Thl lymphocytes through the production of pro-
inflammatory cytokines IFN-y and TNF-a; Th17 lymphocytes
thanks to the shift toward the non-classic Thl phenotype.
Thl cells subsets exert their function through inducing the
expression of CD106 on SFbs, which is crucial in mediating
immune cells retention in inflamed synovia. Intriguingly the
TNF-a inhibitors are the main biological drugs used in JIA
and interfere both with the shift of Thl7 to Thl cells
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Humans have an innate desire to observe and subsequently dissect an event into
component pieces in an effort to better characterize the event. We then examine
these pieces individually and in combinations using this information to determine the
outcome of future similar events and the likelihood of their recurrence. Practically,
this attempt to foretell an occurrence and predict its outcomes is evident in multiple
disciplines ranging from meteorology to sociologic studies. In this manuscript we
share the historical and present-day tools to predict course and outcome in juvenile
idiopathic inflammatory myopathy including clinical features, testing, and biomarkers.
Further we discuss considerations for building more complex predictive models of
outcome especially in diseases such as juvenile idiopathic inflammatory myopathy where
patients numbers are low. Many of the barriers to developing risk prediction models for
juvenile idiopathic inflammatory myopathy outcomes have improved with many remaining
challenges being addressed.

Keywords: juvenile myositis/deratomyositis, outcomes, myositis, predictive model, biomarkers

Humans have an innate desire to observe and subsequently dissect an event into component
pieces in an effort to better characterize the event. We then examine these pieces individually and
in combinations using this information to determine the outcome of future similar events and
the likelihood of their recurrence. Practically, this attempt to foretell an occurrence and predict
its outcomes is evident in multiple disciplines ranging from meteorology to sociologic studies.
In medicine, the ancient Greek physicians, most notably Hippocrates and Asclepius, relied on
examination and observation of patients to develop the art and science of diagnostic and prognostic
medicine. The word prognosis (Greek: mpdyvwoig) translates into “knowledge beforehand,” how
an event is likely to conclude (1). The ability to make a prognosis is a tenet and legacy of Hippocratic
medicine. The study of biological systems evolved from defining the essential character of an
observation or occurrence, natural philosophy, to using empiric methods for descriptions of how
they occurred, the scientific method. The evolution of scientific capabilities led to the ability to look
at these systems on a microscopic and molecular level, to attempt to understand the larger entity
by breaking it into the smallest component pieces, known as reductionism. Advances in medical
research have paralleled the advances in biologic research. Currently, we are in an era of system
level observation of cellular networks where high-throughput technologies allow further resolution
of these systems and generate complex data. Multivariate statistical methods are integral to the
analysis of these biologic networks and are vital tools in the effort to discover biomarkers that are
predictive of disease activity, severity, and response to therapeutic interventions.
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Outcomes in JDM

Predictive and prognostic models are statistical tools that
predict a clinical outcome determined by at least 2 points of
patient data and ideally more with novel statistical models which
take into account change over time (2, 3). Adequate prediction
of prognostic endpoints generally requires multiple prognostic
factors (variables, predictors, or markers) (2). Therefore, the
original dataset may contain numerous covariates including
clinical and biological markers identified as potential predictors
of disease characteristics (phenotype/severity, or outcomes).
Development is a process that includes identification of a relevant
pool of predictors, formulation of a statistical model that may
employ techniques such as linear regression, logistic regression,
or Bayesian models, among others. Once a model is developed, it
undergoes internal and external validation (2, 3). In the context
of patient care, the goal is to develop a model that predicts an
accurate diagnosis based on entered data. Treatment tailored to
that disease has the potential to limit morbidity associated with
inappropriate therapy (4). This is important in a disease with
numerous clinical phenotypes such as the Juvenile Idiopathic
Inflammatory Myopathies (JIIMs). A second combination of
data utilizing a different statistical model may predict disease
course or prognosis. Prognostic models have advanced from
basic decision rules (prediction rules) used at the bedside
to aid diagnostic and clinical decision making into complex
mathematical formulas developed based on large population
databases (3, 5).

The JIIMs represent a rare heterogeneous group of
systemic autoimmune vasculopathies characterized by variable
involvement of the skin and muscle primarily, but with the
potential to affect multiple organs. The most common JIIM is
juvenile dermatomyositis (JDM). Other JIIMs include juvenile
polymyositis (JPM), immune-mediated necrotizing myositis,
and myositis associated with connective tissue disease (6).
Prediction of course and prognosis in JIIM has been difficult.
In 1983, Bowyer et al. stated, “It has been impossible to predict
at the onset of juvenile dermatomyositis whether a child will
have complete recovery...” (7) More recently, van Dijkhuizen
reporting for the Juvenile Dermatomyositis Research Group
(JDRG) stated, “It is currently impossible to predict the
prognosis of patients with JDM” (4). Bowyers group sought
to identify factors present early in the course of disease that
might determine significant morbidity looking at clinical and
treatment variables. Van Dijkhuizen’s group, 35 years later,
reports employing a Bayesian model of disease activity utilizing
four continuous outcome variables to stratify patients by disease
activity and allow for more sign/symptom-specific treatment
based on these variables. Logically, predictors of disease course
and prognosis have historically paralleled development of
capabilities to characterize and examine disease manifestations,
first by description of signs and symptoms, and later by
immunohistochemistry and molecular techniques (8-16).

The years just prior to and since the new millennium
have seen development, validation, and revision of measures of
disease activity, severity, and outcome in the JIIMs, particularly
JDM. Organizations instrumental in development of these
measures include the International Myositis Assessment and
Clinical Studies Group (IMACS) and the pediatric Rheumatology

International Trials Organization (PRINTO). These measures
assess various domains of the JIIMs including global disease
activity, muscle strength, physical function, and quality of life
(Table 1) (14). Core set measures (CSMs) have been developed
and validated for assessment of disease and treatment variables
in JDM (16, 18, 19). CSMs are the minimum set of measures,
in aggregate, that allow for adequate assessment of the disease
within the various domains studied, and are required for
implementation in all clinical and therapeutic trials (20, 21). In
order for measures to be useful in clinical care and research,
definitions of disease improvement, severity, and response to
therapy need to be available. For example, response to therapy
being defined as at least a 20% improvement in three of six
CSMs with no more than one or two worsening (which cannot
be muscle strength) had been established as preliminary response
criteria employed by both PRINTO and IMACS (20).

Predictive modeling utilizing clinical and laboratory data has
been employed in JDM. Van Dijkhuizen’s et al. utilized data from
the UK Juvenile dermatomyositis cohort and biomarker study
(JDCBS) in which data were analyzed using a Bayesian model to
develop a model of disease activity (21). They identified signs and
symptoms that associated with four outcome parameters. These
parameters measured longitudinally included creatinine kinase

TABLE 1 | Disease related measures used in predicting disease severity and

outcome (17).
Domain Measure Grading
Disease Physician global activity Visual Analog Scale (VAS) or

Activity—Includes
extramuscular

Overall Health Status

Physical Function

Muscle Strength

Cutaneous
Involvement

Global Damage

Laboratory
Assessment

Patient/parent global
Disease Activity Score
(DAS); developed for JDM
Myositis Disease
Assessment Tool (MDAAT)
—Combined tool that
includes the Myositis
Disease Assessment VAS
(MYOACT) and Myositis
Intent to Treat Activities
Index (MITAX)

Child Health Questionnaire
(CHQ)

Childhood Health
Assessment Questionnaire
(CHAQ) Childhood Myositis
Assessment Scale (CMAS);
physical function, muscle
strength, and endurance

in JIM

Manual Muscle Testing 8
(MMT8)

Cutaneous Assessment
Tool (CAT)

Physician Global Damage
Myositis Damage

Index (MDI)

Muscle enzymes (creatinine
kinase, aldolase, LDH, AST,
ALT)

Likert scale Visual Analog
Scale (VAS) or Likert scale
10 items scored
dichotomously, 3
polychotomously; also DAS
skin (range 0-9) and muscle
(range 0-11) scores
Combined tool: VAS for
each organ (MYOACT) and
polychotomous

response (MITAX)

Consists of 14 health
concepts

Questionnaire measuring
degree of difficulty
performing activities of daily
living (ADLs); VAS for pain
assessment and overall well
being Observational,
performance-based grading
10-point scale; 8 muscle
groups

Scoring based on lesion
characteristics: 0-2 or 0-7
depending on item

VAS or Likert scale 11
separate VAS ratings

Frontiers in Immunology | www.frontiersin.org

April 2019 | Volume 10 | Article 638


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Reed et al.

Outcomes in JDM

(CK), childhood myositis assessment scale (CMAS), manual
muscle testing 8 (MMTS8), and physician global assessment
(PGA). Among other associations, they discuss the association
of periorbital rash with lower CMAS and higher CK values
concluding this may support the opinion that ongoing skin
disease reflects ongoing systemic disease activity (21). Deakin
reporting for the Juvenile Dermatomyositis Research Group
(JDRG) describes the use of marginal structural modeling (MSM)
in determining the efficacy and safety of cyclophosphamide
(CYC) treatment in severe JDM (22).

Marginal systems modeling (MSM), a statistical strategy
utilizing multi-step estimation was employed by Lam et al.
to adjust for baseline confounding bias to establish causal
relationships using observational data between control and
treatment groups in a cohort of JDM patients receiving
IVIG (23). This study was significant in its application of
bias-reduction methods to demonstrate the efficacy of IVIG
in controlling JDM, most notably in corticosteroid-resistant
patients. Deakin et al. also used MSM to determine the efficacy
and safety of cyclophosphamide (CYC) in the treatment of severe
JDM. The retrospective study consisted of 200 cases, 56 patients
receiving, and 144 not receiving CYC (22). Descriptive analysis as
well as MSM revealed improvements in three domains of disease
activity (skin, muscle, and overall) in CYC-treated patients vs.
those not treated. In the MSM analysis, the improvement was
greatest at 12 months after the start of CYC in skin disease
and global disease activity. Only minor adverse events were
noted in three patients within 1 year of stopping CYC. In
addition to efficacy and safety, the relative cost was lower and
course of treatment was shorter using CYC as compared to
biologic therapies.

Key factors for validation across universal cohorts is the ability
to have comparable measures and outcomes. Work by CARRA,
IMACS, PRINTO, cure JM, and JDRG all have worked to identify
an international set of evaluations, measures for disease change
and treatment protocols and place them into routine care of
patients and not only in clinical trials (14, 16, 24-29).

In addition to clinical and laboratory measures, additional
biomarkers are now being assessed as variables utilizing statistical
methods to develop predictive and prognostic models.

HISTORICAL BIOMARKERS

Our ability to predict outcomes in JIIM continues to be limited
by our subjective clinical assessments and our minimal and
insensitive laboratory data. Exploration into biomarkers has
been ongoing and continues to include cytokines, dysregulated
inflammatory markers, autoantibodies, and muscle tissue
markers. Individual biomarkers hold promise to be informative.
However, it is more likely that these measures in concert hold a
stronger association than they do individually, as demonstrated
with disease modeling.

Over the past few decades, the development of new
technologies, specifically high-throughput systems, has allowed
identification of markers such as individual proteins, RNA
immune related elements, and autoantibodies as markers of

disease. Many of these same markers have been studied
longitudinally and related to disease activity markers.

TRANSCRIPTIONAL ANALYSIS

RNA profiling of peripheral blood, muscle and skin biopsies
in JIIM demonstrated similar patterns of the activation of
the innate immune system with type 1 interferon (IFN1)
induced, and the adaptive immune system with IL-17 and IL-6
pathway involvement, along with Th1 and Th2 related transcripts
dysregulation (Figure1) (30-33). The earliest differentially
expressed transcripts reported in JIIM muscle tissue included
an increase in IFN1 and Human Leucocyte Antigen (HLA)
class T and II. The upregulation of HLA class I is now
used in the disease diagnosis (31, 33-37). Chemokines related
to both monocyte and lymphocyte immune function, such
as CXCL9 [Monokine induced by gamma interferon (MIG)],
CXCL10 (also known as IP-10, interferon gamma-induced
proteins), and CXCLI1 [Interferon-inducible T-cell alpha
chemoattractant (I-TAC)], along with Calcium Binding Proteins
such as SI00A10, TNFSF13B (BAFF), ISG15 an ubiquitin-like
modifier, are all reported dysregulated in JIIM (30, 38-40).
An early study demonstrated that a cluster of IFN-regulated
transcripts are upregulated in most JIIM patients and consist
of classical IFN-induced genes including STAT1, SOCSI, the
myxovirus resistance genes MX1 and MX2, the oligoadenylate
synthetase transcripts OAS1, OAS2, and OAS3, Fcy receptor
FCGRI1A, the interleukin 1 receptor antagonist (ILIRN), the
pro-apoptotic TNFSF1 0/TRAIL, and another inflammatory
chemokine CXCL10/IP-10 (30, 37).

Non-immune genes are also differentially expressed and
include transcripts related to the oxidative pathways and
mitochondrial function such as cytochrome C oxidase and
NADH dehydrogenase (30, 33).

Not only have these transcripts been reported as dysregulated
in JIIM, but they have also been reported to correlate with disease
activity measures. Many individual transcripts were statistically
significant. However, as with other disorders such as Systemic
Lupus and JIIM, Baechler et al found combinations of interferon
related transcripts specifically built as interferon scores appeared
to be more reliable and withstand longitudinal disease variability
including treatment (30, 41, 42). Further refinement of the IFN
gene signature in JIIM was determined using the expression
levels of 3 IFN-regulated genes (IFIT1, G1P2, and IRF7) using
quantitative real-time reverse transcription-polymerase chain
reaction and normalization to obtain an IFN score (41). This
was later verified and used in adult myositis (40). This also
led to the development of an IFN protein score with proteins
found to be associated with disease activity. (MCP-2, CXCL10,
and CXCL11) (25, 36).

PROTEIN MARKERS

Just as microarray technologies have allowed identification
of new biomarkers, advances in proteomics have allowed
identification of protein changes with disease states and
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FIGURE 1 | The figure illustrates the transcript, protein and antibody biomarkers in juvenile idiopathic myopathy. RNA Transcripts include DC dendritic cells (IFNa/B,
OAST1, 2), Th1 (IL-1, CXCR3, FCGR1A), Th2 (IL-4, IL-13, and GATAS), Th17 (IL-6, IL17D, IL-17F, IL-21, IL-23A, IL-27, RORC/RORyt, and IRF4), Monocytes (CXCL9,
CXCL10, CXCL11), Muscle (HLA class | and Il, MX1 and MX2, MxA, SGF-15, RORc, STAT3, cytochrome C oxidase, and NADH dehydrogenase), IFNB, IRF7 (24-34).

interventions. A variety of proteins, including levels of IFN
regulated proteins included anti-viral proteins, humoral and
adaptive immune proteins, and chemokines are seen in the
peripheral blood, in specific cell subsets and in the muscle tissue
in JIIM. Specific analytes include IFN alpha and beta, IL-6,
IL-17, chemokines including MCP-1/CCL2, MCP-2/CCL8, IP-
10/CXCL10, I-TAC/CXCL11, IFNYy, Galectin 9, IL-1Ra, GM-CSE,
and Eotaxin (Figure 1) (41, 43-46). Markers including those
related to IFN1 upregulation along with IL-6, CCL11, MCP-1,
CXCL11, and CXCL10 appear to hold the strongest correlation
with disease activity in JIIM (37, 41, 43, 45, 47, 48).

Many of these proinflammatory cytokines induce or enhance
the metabolic effects on muscle tissue, especially during the
regeneration process (49). Cytokines such as type-1 interferon,
IL-1, and TNFa are upregulated in myocytes along with the
increased expression of HLA-class I. In addition, with myocyte
regeneration, seen in IIM, there also is upregulation of HLA-class
I along with type-1 IFN and IL-6, which could lead to further
inflammation (44, 50-53).

Tissue-specific markers, such as those related to atrophic
myofibers, include the ISG15-conjugation pathway proteins such
as MxA, which are upregulated in active disease. Several IFN-
regulated chemokines showed significant positive correlations
with muscle enzymes, including MCP-1, MCP-2, and CXCL10.
Baechler (30) and Bilgic (41) demonstrated that JIIM with
the highest degree of disease activity had elevation of IFN-
regulated proteins CXCL10, MCP-1, and MCP-2. Similar to RNA
transcripts, scores using multiple transcripts and multiple protein
analytes combined together created a stronger association with
disease activity measures (41). The set of JIIM markers indicate
the intricate matrix and interconnectedness of the innate,
humoral and adaptive immune systems in autoimmunity.

AUTOANTIBODIES

Identification of a myositis specific autoantibody (MSAs) is
highly suggestive of an inflammatory myositis and more recently
recognized in JIIM. This has led to autoantibody relationships
with clinical disease phenotypes, and possibly antibody levels
themselves fluctuate with disease activity. Those more commonly
seen in JIIM include anti-TIF 1(Transcriptional intermediary
factor 1), NXP2 (Nuclear Matric protein 2), MDA5 (Melanoma
differentiation-associated gene 5), Mi2 (Nucleosome-remodeling
deacetylase complex), and less commonly anti-SAE, ASA
(synthetase), SRP (Signal recognition particle and HMGCR (3-
hydroy-3-methlglutaryl coenzyme A reductase (54-56).

Myositis-specific antibodies have an increasing utility as both
diagnostic and prognostic biomarkers with multiple publications
suggesting clinical features related to antibody specificity (54-56)
(Figure 1). Not only are MSAs markers of the clinical phenotype,
but they have also been investigated as disease activity markers.
Myositis-associated antibody levels for anti-Jo-1 TIF1-y, SRP,
and -Mi-2 were investigated after B cell depletion in adult and
pediatric DM and adult PM and correlated with disease activity.
Anti-Jo-1 serum levels correlated with clinical improvement
specifically MMT and muscle enzymes (p = 0.007) (17). In DM
patients who had anti-CADM-140/MDA5 autoantibodies and
rapidly progressive interstitial lung disease, the mean titer of
anti-CADM-140/MDAS5 of anti-CADM-140/MDAS5 significantly
decreased in the responder group compared to non-responders
(P =0.033) (57).

In the future, predicting disease response to treatment as
well as disease- and treatment-related outcomes will require
classification of myositis patients in more homologous groups
than the traditional PM and DM subtypes.
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Predicting Disease Outcomes in JIIM

While risk prediction models have recently become
commonplace in the medical literature, there have been
few attempts to develop risk prediction models in patients
with JIIM. This is likely due to the rarity of the disease, as
a minimum sample size of 200 patients is preferred for risk
prediction models. In addition, the heterogeneity of disease
activity and therapeutic strategies in patients with JIIM has made
risk prediction difficult in this patient population. For example,
a small observational study of 39 patients with JIIM, among
whom six achieved clinical remission, found that female sex,
negative Gower’s sign and photosensitivity were associated with
achievement of complete remission, but the small sample size
precluded development of a multivariable model that could be
used for prediction purposes (58).

Cooperative efforts including registries and biobanks are
now making this task more feasible (59). Challa et al. recently
published a model to predict changes in disease activity
among children with JIIM using the Childhood Arthritis and
Rheumatology Research Alliance (CARRA) Legacy Registry (60).
They found that anti-nuclear antibody (ANA) positivity and use
of hydroxychloroquine predicted improvement in patient/parent
global health score over 6 months, and ANA positivity along with
V/shawl sign predicted improvement in patient pain.

The Rituximab in Myositis (RIM) trial also provided
opportunities to develop risk prediction models in patients
with refractory disease. Aggarwal et al. (45) found that the
presence of anti-synthetase and anti-Mi-2 autoantibodies and
lower disease damage strongly predicted clinical improvement
in these patients, and that the juvenile patients had better
prognosis than the adults (61). Reed et al. found that biomarker
signatures involving type-1 interferon regulated and other
proinflammatory chemokines and cytokines in conjunction with
autoantibodies predicted response to rituximab in patients with
refractory myositis (45). Furthermore, Olazagasti et al. found that
adding gene expression, cytokine and chemokine data to clinical
and standard laboratory assessments improved prediction of
response to rituximab in patients with JIIM (62).

Practical Considerations for Building
Predictive Models in JIIM

In addition to the importance of a sufficient sample size, there
are several other important considerations for building risk
prediction models. First, the study design and population of
interest should be considered. As mentioned above, registries are
making risk prediction in JIIM more feasible. While registries are
observational studies, which may suffer from confounding, they
can be used to predict outcomes from baseline characteristics.
However, confounding by indication is common, as patients
with more severe disease often require more therapies and
interventions. This confounding can make it difficult to assess
the impact of treatment on the outcome of interest. Alternatives
to address confounding my indication are causal inference
analysis methods (e.g, MSM) or randomized clinical trials.
By randomizing patients to receive a treatment, confounding
by indication is eliminated. However, clinical trials also have

limitations because they often have strict inclusion criteria.
Thus, patients enrolled in clinical trials may not represent the
population of interest, as some of the patients for whom the risk
prediction model could be useful were excluded from the trial.

Risk factor selection is another important consideration when
developing a risk prediction model. The existence and assessment
of relevant disease activity measures and biomarkers, such as
those mentioned previously in this review, is critical. Without
reliable disease activity measures, it is not possible to build
models that will predict disease-related outcomes. In addition,
causality is important, because when factors included in a risk
prediction model improve, it is assumed that the risk of the
outcome will be reduced. However, proving causality is difficult
and requires causal inference analysis methods or a randomized
clinical trial. Finally, the practicality and cost of each potential
risk factor needs to be considered. Measurements that are
financially costly or those that require a great deal of effort
to assess, such as cumulative measures, provide challenges for
implementing a risk prediction model in clinical practice.

The choice of model is also an important consideration.
Historically, logistic regression models for cross-sectional data
and Cox regression models for longitudinal time-to-event data
were commonly used for risk prediction. These models had
the advantage of providing an easily understandable equation
for predicting the risk of an outcome. However, they were
often overly simplistic and only considered linear effects of
the continuous risk factors. More recent advances in statistical
methods, which evolved from computer science methodology,
including machine-learning techniques, have demonstrated
improved performance for risk prediction models resulting from
complex algorithms that do not provide simple risk calculation
formulas. Computing advances have made it much easier to
implement these complex algorithms into clinical practice using
web-based tools, so simple formulas are no longer required
and has opened the possibility of novel algorithms to apply to
complex biomedical datasets.

Finally, once the risk prediction model has been developed,
it is important to objectively assess its performance. Model
performance assessment should include both discrimination
and calibration. Discrimination is the ability to correctly rank
patients from low to high risk. Calibration is the ability
to accurately predict the absolute risk level. There is a
wealth of literature on how to assess model performance
for different types of models, which is beyond the scope of
this review.

Risk prediction models should be validated prior to use in
clinical decision-making. External validation in a separate dataset
is preferred. However, internal validation based on subdividing
the study patients into training and test dataset is also common.
Szodoray et al. randomly subdivided their patients into 50 cases
and 50 controls for training and 29 cases and 20 controls for
testing (44). Analyzing multiplex cytokine assays using principal
components, hierarchical clustering and discriminant function
analyses, they identified unique immune profiles that seem to
perpetuate autoimmune processed in patients with JIIM and
may be able to identify disease subsets. Many of the modern
modeling techniques use cross-validation methods to avoid
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over-optimism or over-fitting of a risk prediction model. None
of the previously mentioned risk prediction models for JIIM
have been validated due to study sample sizes that were too
small to subdivide and a lack of available external data sources
for validation.

In conclusion, while many of the barriers to developing risk
prediction models for JIIM outcomes have improved, there are
still many remaining challenges. The availability of registries
to provide larger sample sizes and newer biomarkers that
can predict outcomes has reduced the challenges, but careful

REFERENCES

1. Kleisiaris CF, Sfakianakis C, Papathanasiou IV. Health care practices in
ancient Greece: the hippocratic ideal. ] Med Ethics Hist Med. (2014) 7:6.

2. Steyerberg EW, Moons KG, van der Windt DA, Hayden JA, Perel P, Schroter S,
et al. Prognosis Research Strategy (PROGRESS) 3: prognostic model research.
PLoS Med. (2009) 10:e1001381. doi: 10.1371/journal.pmed.1001381

3. Vogenberg FR. Predictive and prognostic models: implications for healthcare
decision-making in a modern recession. Am Health Drug Benefits.
(2009) 2:218-22.

4. van Dijkhuizen EP, Deakin CT, Wedderburn LR, De Iorio M. Modelling
disease activity in juvenile dermatomyositis: a Bayesian approach. Stat
Methods Med Res. (2019) 28:35-49. doi: 10.1177/0962280217713233

5. Stiell IG, Wells GA. Methodologic standards for the development of clinical
decision rules in emergency medicine. Ann Emerg Med. (1998) 5:437-47.

6. Huber AM. Juvenile idiopathic inflammatory myopathies. Pediatr Clin North
Am. (2018) 65:739-56. doi: 10.1016/j.pcl.2018.04.006

7. Bowyer SL, Blane CE, Sullivan DB, Cassidy JT. Childhood
dermatomyositis: ~ factors  predicting  functional  outcome  and
development of dystrophic calcification. ] Pediatrics. (1983) 103:882-8.
doi: 10.1016/S0022-3476(83)80706-9

8. Rider LG, Gurley RC, Pandey JP, Garcia de la Torre I, Kalovidouris AE,
O’Hanlon TP, et al. Clinical, serologic, and immunogenetic features of familial
idiopathic inflammatory myopathy. Arthritis Rheum. (1998) 41:710-9. doi: 10.
1002/1529-0131(199804)41:4<710::AID-ART19>3.0.CO;2-K

9. Arahata K, Engel AG. Monoclonal antibody analysis of mononuclear
cells in myopathies. I: quantitation of subsets according to diagnosis and
sites of accumulation and demonstration and counts of muscle fibers
invaded by T cells. Ann Neurol. (1984) 16:193-208. doi: 10.1002/ana.410
160206

10. Lovell DJ, Lindsley CB, Rennebohm RM, Ballinger SH, Bowyer SL,
Giannini EH, et al. Development of validated disease activity and damage
indices for the juvenile idiopathic inflammatory myopathies. II. The
Childhood Myositis Assessment Scale (CMAS): a quantitative tool for
the evaluation of muscle function. The Juvenile Dermatomyositis Disease
Activity Collaborative Study Group. Arthritis Rheum. (1999) 42:2213-9.
doi: 10.1002/1529-0131(199910)42:10<2213::AID-ANR25>3.0.CO;2-8

11. Huber AM, Hicks JE, Lachenbruch PA, Perez MD, Zemel LS, Rennebohm RM,
et al. Validation of the Childhood Health Assessment Questionnaire in the
juvenile idiopathic myopathies. Juvenile Dermatomyositis Disease Activity
Collaborative Study Group. ] Rheumatol. (2001) 28:1106-11.

12. Rider LG, Feldman BM, Perez MD, Rennebohm RM, Lindsley CB,
Zemel LS, et al. Development of validated disease activity and damage
indices for the juvenile idiopathic inflammatory myopathies: I. Physician,
parent, and patient global assessments. Juvenile Dermatomyositis Disease
Activity Collaborative Study Group. Arthritis Rheum. (1997) 40:1976-83.
doi: 10.1002/art.1780401109

13. Rider LG, Koziol D, Giannini EH, Jain MS, Smith MR, Whitney-Mahoney K,
et al. Validation of manual muscle testing and a subset of eight muscles for
adult and juvenile idiopathic inflammatory myopathies. Arthritis Care Res.
(2010) 62:465-72. doi: 10.1002/acr.20035

14. Rider LG, Werth VP, Huber AM, Alexanderson H, Rao AP, Ruperto
N, et al. Measures of adult and juvenile dermatomyositis, polymyositis,

planning will still be required to navigate these challenges and
ultimately develop useful risk prediction models for patients
with JIIM. However, there continues to be a major need to
compare across data sets and cohorts that require continued
standardization and validation across cohorts and centers.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

and inclusion body myositis. Arthritis Care Res. (2011) 63(S11):5118-57.
doi: 10.1002/acr.20532

15. Varnier GC, Rosina S, Ferrari C, Pistorio A, Consolaro A, Bovis E et al.
Development and testing of a hybrid measure of muscle strength in juvenile
dermatomyositis in routine care. Arthritis Care Res. (2018) 70:1312-9.
doi: 10.1002/acr.23491

16. McCann LJ, Pilkington CA, Huber AM, Ravelli A, Appelbe D, Kirkham JJ,
et al. Development of a consensus core dataset in juvenile dermatomyositis
for clinical use to inform research. Ann Rheum Dis. (2018) 77:241-50.
doi: 10.1136/annrheumdis-2017-212141

17. Aggarwal R, Oddis CV, Goudeau D, Koontz D, Qi Z, Reed AM, et al.
Autoantibody levels in myositis patients correlate with clinical response
during B cell depletion with rituximab. Rheumatology. (2016) 55:1710.
doi: 10.1093/rheumatology/kew275

18. McCann L], Kirkham JJ, Wedderburn LR, Pilkington C, Huber AM, Ravelli A,
et al. Development of an internationally agreed minimal dataset for juvenile
dermatomyositis (JDM) for clinical and research use. Trials. (2015) 16:268.
doi: 10.1186/513063-015-0784-0

19. Ruperto N, Ravelli A, Murray KJ, Lovell D], Andersson-Gare B, Feldman
BM, et al. Preliminary core sets of measures for disease activity
and damage assessment in juvenile systemic lupus erythematosus
and juvenile dermatomyositis. Rheumatology. (2003)  42:1452-9.
doi: 10.1093/rheumatology/keg403

20. Rider LG, Aggarwal R, Pistorio A, Bayat N, Erman B, Feldman BM,
et al. 2016 American College of Rheumatology/European League against
rheumatism criteria for minimal, moderate, and major clinical response
in juvenile dermatomyositis: an International Myositis Assessment and
Clinical Studies Group/Paediatric Rheumatology International Trials
Organisation Collaborative Initiative. Arthritis Rheumatol. (2017) 69:911-23.
doi: 10.1002/art.40060

21. van Dijkhuizen EHP, De Iorio M, Wedderburn LR, Deakin CT, JDRG.
Clinical signs and symptoms in a joint model of four disease activity
parameters in juvenile dermatomyositis: a prospective, longitudinal,
multicenter cohort study. Arthritis Res Ther. (2018) 20:180. doi: 10.1186/
s13075-018-1687-8

22. Deakin CT, Campanilho-Marques R, Simou S, Moraitis E, Wedderburn LR,
Pullenayegum E, et al. Efficacy and safety of cyclophosphamide treatment
in severe juvenile dermatomyositis shown by marginal structural modeling.
Arthritis Rheumatol. (2018) 70:785-93. doi: 10.1002/art.40418

23. Lam CG, Manlhiot C, Pullenayegum EM, Feldman BM. Eficacy of Ig
therapy in juvenile dermatomyositis. Ann Rheum Dis. (2011) 70:2089-94.
doi: 10.1136/ard.2011.153718

24. Stringer E, Bohnsack J, Bowyer SL, Griffin TA, Huber AM, Lang B,
et al. Treatment approaches to juvenile dermatomyositis (JDM) across
North America: the Childhood Arthritis and Rheumatology Research
Alliance (CARRA) JDM Treatment Survey. ] Rheumatol. (2010) 37:1953-61.
doi: 10.3899/jrheum.090953

25. Huber AM, Lang B, LeBlanc CM, Birdi N, Bolaria RK, Malleson P, et al.
Medium- and long-term functional outcomes in a multicenter cohort of
children with juvenile dermatomyositis. Arthritis Rheum. (2000) 43:541-9.
doi: 10.1002/1529-0131(200003)43:3<541::AID-ANR9>3.0.CO;2-T

26. Huber AM, Robinson AB, Reed AM, Abramson L, Bout-Tabaku S, Carrasco
R, et al. Consensus treatments for moderate juvenile dermatomyositis:

Frontiers in Immunology | www.frontiersin.org

April 2019 | Volume 10 | Article 638


https://doi.org/10.1371/journal.pmed.1001381
https://doi.org/10.1177/0962280217713233
https://doi.org/10.1016/j.pcl.2018.04.006
https://doi.org/10.1016/S0022-3476(83)80706-9
https://doi.org/10.1002/1529-0131(199804)41:4<710::AID-ART19>3.0.CO;2-K
https://doi.org/10.1002/ana.410160206
https://doi.org/10.1002/1529-0131(199910)42:10<2213::AID-ANR25>3.0.CO;2-8
https://doi.org/10.1002/art.1780401109
https://doi.org/10.1002/acr.20035
https://doi.org/10.1002/acr.20532
https://doi.org/10.1002/acr.23491
https://doi.org/10.1136/annrheumdis-2017-212141
https://doi.org/10.1093/rheumatology/kew275
https://doi.org/10.1186/s13063-015-0784-0
https://doi.org/10.1093/rheumatology/keg403
https://doi.org/10.1002/art.40060
https://doi.org/10.1186/s13075-018-1687-8
https://doi.org/10.1002/art.40418
https://doi.org/10.1136/ard.2011.153718
https://doi.org/10.3899/jrheum.090953
https://doi.org/10.1002/1529-0131(200003)43:3<541::AID-ANR9>3.0.CO;2-T
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Reed et al.

Outcomes in JDM

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

beyond the first two months. Results of the second Childhood Arthritis and
Rheumatology Research Alliance consensus conference. Arthritis Care Res.
(2012) 64:546-53. doi: 10.1002/acr.20695

Huber AM, Kim S, Reed AM, Carrasco R, Feldman BM, Hong SD, et al.
Childhood Arthritis and Rheumatology Research Alliance Consensus Clinical
Treatment Plans for Juvenile Dermatomyositis with Persistent Skin Rash. J
Rheumatol. (2017) 44:110-6. doi: 10.3899/jrheum.160688

Kim S, Kahn P, Robinson AB, Lang B, Shulman A, Oberle EJ, et al. Childhood
Arthritis and Rheumatology Research Alliance consensus clinical treatment
plans for juvenile dermatomyositis with skin predominant disease. Pediatr
Rheumatol Online J. (2017) 15:1. doi: 10.1186/5s12969-016-0134-0

Isenberg DA, Allen E, Farewell V, Ehrenstein MR, Hanna MG, Lundberg
IE, et al. International consensus outcome measures for patients with
idiopathic inflammatory myopathies. Development and initial validation of
myositis activity and damage indices in patients with adult onset disease.
Rheumatology. (2004) 43:49-54. doi: 10.1093/rheumatology/keg427

Baechler EC, Bauer JW, Slattery CA, Ortmann WA, Espe KJ, Novitzke J,
et al. An interferon signature in the peripheral blood of dermatomyositis
patients is associated with disease activity. Mol Med. (2007) 13:59-68.
doi: 10.2119/2006-00085.Baechler

Liao AP, Salajegheh M, Nazareno R, Kagan JC, Jubin RG, Greenberg
SA. Interferon beta is associated with type 1
gene expression in dermatomyositis. Ann Rheum Dis. (2011) 70:831-6.
doi: 10.1136/ard.2010.139949

Lopez De Padilla CM, Crowson CS, Hein MS, Pendegraft RS, Strausbauch
MA, Niewold TB, et al. Gene expression profiling in blood and affected
muscle tissues reveals differential activation pathways in patients with new-
onset juvenile and adult dermatomyositis. ] Rheumatol. (2017) 44:117-24.
doi: 10.3899/jrheum.160293

Tezak Z, Hoffman EP, Lutz JL, Fedczyna TO, Stephan D, Bremer EG,
et al. Gene expression profiling in DQA1*0501+ children with untreated
dermatomyositis: a novel model of pathogenesis. ] Immunol. (2002) 168:4154-
63. doi: 10.4049/jimmunol.168.8.4154

Walsh R], Kong SW, Yao Y, Jallal B, Kiener PA, Pinkus JL, et al. Type
I interferon-inducible gene expression in blood is present and reflects
disease activity in dermatomyositis and polymyositis. Arthritis Rheum. (2007)
56:3784-92. doi: 10.1002/art.22928

Chen YW, Shi R, Geraci N, Shrestha S, Gordish-Dressman H, Pachman LM.
Duration of chronic inflammation alters gene expression in muscle from
untreated girls with juvenile dermatomyositis. BMC Immunol. (2008) 9:43.
doi: 10.1186/1471-2172-9-43

Greenberg SA, Bradshaw EM, Pinkus JL, Pinkus GS, Burleson T, Due B, et al.
Plasma cells in muscle in inclusion body myositis and polymyositis.
Neurology.  (2005)  65:1782-7.  doi:  10.1212/01.wnl.0000187124.92
826.20

Greenberg SA, Higgs BW, Morehouse C, Walsh RJ, Kong SW, Brohawn
P, et al. Relationship between disease activity and type 1 interferon- and
other cytokine-inducible gene expression in blood in dermatomyositis
and polymyositis. Genes Immun. (2012) 13:207-13. doi: 10.1038/gene.
2011.61

Sudrez-Calvet X, Gallardo E, Nogales-Gadea G, Querol L, Navas M,
Diaz-Manera J, et al. Altered RIG-I/DDX58-mediated innate immunity in
dermatomyositis. J Pathol. (2014) 233:258-68. doi: 10.1002/path.4346

Zhou X, Dimachkie MM, Xiong M, Tan FK, Arnett FC. cDNA
microarrays reveal distinct gene expression clusters in idiopathic
inflammatory myopathies. Med Sci Monit. (2004) 10:BR191-7.

Salajegheh M, Kong SW, Pinkus JL, Walsh RJ, Liao A, Nazareno
R, et al. Interferon-stimulated gene 15 (ISG15) conjugates proteins in
dermatomyositis muscle with perifascicular atrophy. Ann Neurol. (2010)
67:53-63. doi: 10.1002/ana.21805

Bilgic H, Ytterberg SR, Amin S, McNallan KT, Wilson JC, Koeuth T, et al.
Interleukin-6 and type I interferon-regulated genes and chemokines mark
disease activity in dermatomyositis. Arthritis Rheum. (2009) 60:3436-46.
doi: 10.1002/art.24936

Petri M, Singh S, Tesfasyone H, Dedrick R, Fry K, Lal P, et al
Longitudinal expression of type I interferon responsive genes in systemic
lupus erythematosus. Lupus. (2009) 18:980-9. doi: 10.1177/09612033091
05529

interferon-inducible

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Sanner H, Schwartz T, Flate B, Vistnes M, Christensen G, Sjaastad
I. Increased levels of eotaxin and MCP-1 in juvenile dermatomyositis
median 16.8 years after disease onset; associations with disease activity,
duration and organ damage. PLoS ONE. (2014) 9:¢92171. doi: 10.1371/
journal.pone.0092171

Szodoray P, Alex P, Knowlton N, Centola M, Dozmorov I, Csipo I, et al.
Idiopathic inflammatory myopathies, signified by distinctive peripheral
cytokines, chemokines and the TNF family members B-cell activating factor
and a proliferation inducing ligand. Rheumatology. (2010) 49:1867-77.
doi: 10.1093/rheumatology/keq151

Reed AM, Crowson CS, Hein M, de Padilla CL, Olazagasti JM, Aggarwal
R, et al. Biologic predictors of clinical improvement in rituximab-
treated refractory myositis. BMC Musculoskelet Disord. (2015) 16:257.
doi: 10.1186/s12891-015-0710-3

Bellutti Enders E, van Wijk F, Scholman R, Hofer M, Prakken BJ, van Royen-
Kerkhof A, et al. Correlation of CXCL10, tumor necrosis factor receptor type
11, and galectin 9 with disease activity in juvenile dermatomyositis. Arthritis
Rheumatol. (2014) 66:2281-9. doi: 10.1002/art.38676

Gao S, Luo H, Zhang H, Zuo X, Wang L, Zhu H. Using multi-omics
methods to understand dermatomyositis/polymyositis. Autoimmun Rev.
(2017) 16:1044-8. doi: 10.1016/j.autrev.2017.07.021

Lopez De Padilla CM, Crowson CS, Hein MS, Strausbauch MA, Aggarwal
R, Levesque MC, et al. Interferon-regulated chemokine score associated with
improvement in disease activity in refractory myositis patients treated with
rituximab. Clin Exp Rheumatol. (2015) 33:655-63.

Nagaraju K. Role of major histocompatibility complex class I molecules
in autoimmune myositis. Curr Opin Rheumatol. (2005) 17:725-30.
doi: 10.1097/01.bor.0000179947.58271.9a

Malm C, Nyberg P, Engstrom M, Sjodin B, Lenkei R, Ekblom B,
et al. Immunological changes in human skeletal muscle and blood after
eccentric exercise and multiple biopsies. ] Physiol. (2000) 529(Pt 1):243-62.
doi: 10.1111/.1469-7793.2000.00243.x

Tournadre A, Miossec P. A critical role for immature muscle precursors in
myositis. Nat Rev Rheumatol. (2013) 9:438-42. doi: 10.1038/nrrheum.2013.26
Kuru S, Inukai A, Kato T, Liang Y, Kimura S, Sobue G. Expression of
tumor necrosis factor-alpha in regenerating muscle fibers in inflammatory
and non-inflammatory myopathies. Acta Neuropathol. (2003) 105:217-24.
doi: 10.1007/500401-002-0635-4

Reed A, Hein MS, Colbert RA. UPR activation and IFNb production
in myocytes in adult juvenile myositis.  Arthritis
(2010) 62(S10):1376.

Betteridge ZE, Gunawardena H, McHugh NJ. Novel autoantibodies and
clinical phenotypes in adult and juvenile myositis. Arthritis Res Ther. (2011)
13:209. doi: 10.1186/ar3275

Betteridge Z, McHugh N. Myositis-specific autoantibodies: an important
tool to support diagnosis of myositis. J Intern Med. (2016) 280:8-23.
doi: 10.1111/joim.12451

Tansley SL, Simou S, Shaddick G, Betteridge ZE, Almeida B, Gunawardena
H, et al. Autoantibodies in juvenile-onset myositis: their diagnostic value and
associated clinical phenotype in a large UK cohort. J Autoimmun. (2017)
84:55-64. doi: 10.1016/j.jaut.2017.06.007

Sato S, Kuwana M, Fujita T, Suzuki Y. Anti-CADM-140/MDA5
autoantibody titer correlates with disease activity and predicts disease
outcome in patients with dermatomyositis and rapidly progressive
interstitial lung disease. Mod Rheumatol. (2013) 23:496-502. doi: 10.3109/
$10165-012-0663-4

Sun C, Lee JH, Yang YH, Yu HH, Wang LC, Lin YT, et al
Juvenile dermatomyositis: a  20-year retrospective analysis  of
treatment and clinical outcomes. Pediatr Neonatol. (2015) 56:31-9.
doi: 10.1016/j.pedneo.2014.02.006

Wu Q, Wedderburn LR, McCann LJ. Juvenile
latest advances. Best Pract Res Clin Rheumatol.
doi: 10.1016/j.berh.2017.12.003

Challa D, Crowson CS, Niewold TB, Reed AM, CARRA Legacy Registry
Investigators. Predictors of changes in disease activity among children
with juvenile dermatomyositis enrolled in the Childhood Arthritis and
Rheumatology Research Alliance (CARRA) Legacy Registry. Clin Rheumatol.
(2018) 37:1011-5. doi: 10.1007/s10067-017-3901-5

and Rheum.

dermatomyositis:
(2017) 31:535-57.

Frontiers in Immunology | www.frontiersin.org

April 2019 | Volume 10 | Article 638


https://doi.org/10.1002/acr.20695
https://doi.org/10.3899/jrheum.160688
https://doi.org/10.1186/s12969-016-0134-0
https://doi.org/10.1093/rheumatology/keg427
https://doi.org/10.2119/2006-00085.Baechler
https://doi.org/10.1136/ard.2010.139949
https://doi.org/10.3899/jrheum.160293
https://doi.org/10.4049/jimmunol.168.8.4154
https://doi.org/10.1002/art.22928
https://doi.org/10.1186/1471-2172-9-43
https://doi.org/10.1212/01.wnl.0000187124.92826.20
https://doi.org/10.1038/gene.2011.61
https://doi.org/10.1002/path.4346
https://doi.org/10.1002/ana.21805
https://doi.org/10.1002/art.24936
https://doi.org/10.1177/0961203309105529
https://doi.org/10.1371/journal.pone.0092171
https://doi.org/10.1093/rheumatology/keq151
https://doi.org/10.1186/s12891-015-0710-3
https://doi.org/10.1002/art.38676
https://doi.org/10.1016/j.autrev.2017.07.021
https://doi.org/10.1097/01.bor.0000179947.58271.9a
https://doi.org/10.1111/j.1469-7793.2000.00243.x
https://doi.org/10.1038/nrrheum.2013.26
https://doi.org/10.1007/s00401-002-0635-4
https://doi.org/10.1186/ar3275
https://doi.org/10.1111/joim.12451
https://doi.org/10.1016/j.jaut.2017.06.007
https://doi.org/10.3109/s10165-012-0663-4
https://doi.org/10.1016/j.pedneo.2014.02.006
https://doi.org/10.1016/j.berh.2017.12.003
https://doi.org/10.1007/s10067-017-3901-5
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Reed et al. Outcomes in JDM

61. Aggarwal R, Bandos A, Reed AM, Ascherman DP, Barohn R]J, Feldman BM, Conflict of Interest Statement: The authors declare that the research was
et al. Predictors of clinical improvement in rituximab-treated refractory adult conducted in the absence of any commercial or financial relationships that could
and juvenile dermatomyositis and adult polymyositis. Arthritis Rheumatol. be construed as a potential conflict of interest.

(2014) 66:740-9. doi: 10.1002/art.38270
62. Olazagasti J, Crowson C, Hein M, de Padilla C, Aggarwal R, Oddis Copyright © 2019 Reed, Crowson and Dvergsten. This is an open-access article

C, et al. Predictive models of clinical improvement in rituximab-treated distributed under the terms of the Creative Commons Attribution License (CC BY).
myositis patients using clinical features, autoantibodies, and biomarkers. The use, distribution or reproduction in other forums is permitted, provided the
predictive models of clinical improvement in rituximab-treated myositis original author(s) and the copyright owner(s) are credited and that the original
patients using clinical features, autoantibodies, and biomarkers. Open publication in this journal is cited, in accordance with accepted academic practice.
] Rheumatol Autoimmune Dis. (2015) 5:68-80. doi: 10.4236/0jra.2015. No use, distribution or reproduction is permitted which does not comply with these
53012 terms.

Frontiers in Immunology | www.frontiersin.org 182 April 2019 | Volume 10 | Article 638


https://doi.org/10.1002/art.38270
https://doi.org/10.4236/ojra.2015.53012
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

l" frontiers
in Immunology

MINI REVIEW
published: 30 April 2019
doi: 10.3389/fimmu.2019.00908

OPEN ACCESS

Edited by:

Randy Q. Cron,

University of Alabama at Birmingham,
United States

Reviewed by:

Richard M. Silver,

Medical University of South Carolina,
United States

Ann Marie Reed,

Duke University School of Medicine,
United States

*Correspondence:
Kathryn S. Torok
kathryn.torok@chp.edu
Theresa T. Lu
lut@hss.edu

Specialty section:

This article was submitted to
Autoimmune and Autoinflammatory
Disorders,

a section of the journal

Frontiers in Immunology

Received: 05 February 2019
Accepted: 09 April 2019
Published: 30 April 2019

Citation:

Torok KS, Li SC, Jacobe HM,

Taber SF, Stevens AM, Zulian F and
Lu TT (2019) Immunopathogenesis of
Pediatric Localized Scleroderma.
Front. Immunol. 10:908.

doi: 10.3389/fimmu.2019.00908

Check for
updates

Immunopathogenesis of Pediatric
Localized Scleroderma

Kathryn S. Torok ™, Suzanne C. Li?**, Heidi M. Jacobe?, Sarah F. Taber>®,
Anne M. Stevens’8, Francesco Zulian® and Theresa T. Lu%"%"™

' Division of Pediatric Rheumatology, Department of Pediatrics, Childrens’s Hospital of Pittsburgh, University of Pittsburgh,
Pittsburgh, PA, United States, 2 Division of Pediatric Rheumatology, Department of Pediatrics, Hackensack University Medical
Center, Hackensack, NJ, United States, ° Hackensack Meridian School of Medicine at Seton Hall University, Clifton, NJ,
United States, * Department of Dermatology, UT Southwestern Medical Center, Dallas, TX, United States, ° Division of
Pediatric Rheumatology, Department of Rheumatology, Hospital for Special Surgery, New York, NY, United States,

% Department of Pediatrics, Weill Cornell Medicine, New York, NY, United States, ” Division of Pediatric Rheumatology,
Department of Pediatrics, University of Washington, Seattle, WA, United States, ¢ Seattle Children’s Research Institute,
University of Washington, Seattle, WA, United States, ° Pediatric Rheumatology Unit, Department of Woman’s and Child’s
Health, University of Padua, Padua, Italy, '° HSS Research Institute, Hospital for Special Surgery, New York, NY,

United States, "' Department of Microbiology and Immunology, Weill Cornell Medicine, New York, NY, United States

Localized scleroderma (LS) is a complex disease characterized by a mixture of
inflammation and fibrosis of the skin that, especially in the pediatric population, also
affects extracutaneous tissues ranging from muscle to the central nervous system.
Although developmental origins have been hypothesized, evidence points to LS as
a systemic autoimmune disorder, as there is a strong correlation to family history of
autoimmune disease, the presence of shared HLA types with rheumatoid arthritis,
high frequency of auto-antibodies, and elevated circulating chemokines and cytokines
associated with T-helper cell, IFNy, and other inflammatory pathways. This inflammatory
phenotype of the peripheral blood is reflected in the skin via microarray, RNA Sequencing
and tissue staining. Research is underway to identify the key players in the pathogenesis
of LS, but close approximation of inflammatory lymphocytic and macrophage infiltrate
with collagen and fibroblasts deposition supports the notion that LS is a disease of
inflammatory driven fibrosis. The immune system is dynamic and undergoes changes
during childhood, and we speculate on how the unique features of the immune system in
childhood could potentially contribute to some of the differences in LS between children
and adults. Interestingly, the immune phenotype in pediatric LS resembles to some
extent the healthy adult cellular phenotype, possibly supporting accelerated maturation
of the immune system in LS. We discuss future directions in better understanding the
pathophysiology of and how to better treat pediatric LS.

Keywords: localized scleroderma, morphea, pediatric rheumatology, immunophenotype, disease etiology,
autoimmune disease, skin, fibrosis

DISEASE MANIFESTATIONS AND UNIQUE FEATURES OF
LOCALIZED SCLERODERMA (LS) IN CHILDHOOD

Localized scleroderma (LS) is the most common form of pediatric scleroderma, a disease whose
histologic pathology involves inflammation and fibrosis, similar to that of systemic sclerosis (SSc),
although the clinical phenotypes are markedly different. Overall, the annual incidence in the US of
LS collectively in adults and children is slighter higher than for systemic sclerosis (SSc) (2.7 vs. 1.9
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per 100,000, respectively) (1, 2). A much larger difference is found
for childhood onset of these diseases, however, with 34% of LS
beginning in childhood (by age 18 years), compared to <<5% of
SSc (by age 16 years) (2, 3).

The mean age of pediatric LS disease onset is 6.4-8.7 years,
with the disease more prevalent in Caucasians (4). As is true
for other autoimmune disease, females are more commonly
affected than males (2.3 4:1 ratio) (4). This female preponderance
is consistent over different ethnicities, as clinical centers with
more homogeneous racial populations, such as Mexico (5), have
reported similar ratios of female:male patients.

LS can present in several different patterns (subtypes)
depending on depth and distribution of lesions, including
circumscribed morphea (plaque lesions), linear scleroderma
of the trunk/limb or head (band-like lesion), generalized
morphea (multiple plaque lesions), pansclerotic morphea, or a
combination of two or more of these subtypes (mixed morphea)
(6). Besides the obvious difference in age of disease onset,
there are several major differences between pediatric and adult
onset disease. These include a different subtype predominance,
higher frequency of deep tissue and extracutaneous involvement
in pediatric disease, and longer disease duration in pediatric
disease [reviewed in (4)]. These differences contribute to
the higher frequency of serious morbidity in patients with
pediatric compared to adult onset disease (4, 7), with morbidity
including arthropathy, uveitis, facial hemiatrophy, seizures, and
neuropathy (7, 8). Functional impairment has been reported in
30-38% of juvenile LS patients (9-11).

Twenty to 70% of juvenile LS patients have been reported
to have extracutaneous involvement, with higher frequencies
reported in prospective studies (7, 8, 11-15). The most common
type of extracutaneous involvement is musculoskeletal, which
includes joint, tendon, muscle, and bone issues. Joint and
tendon issues include arthralgia, arthritis, joint contractures, and
angulation defects, some of which require corrective surgeries
(16). Muscle involvement includes myalgia, myositis, and muscle
atrophy (8). Because the disease commonly begins before most
children have undergone their major growth spurt, children are
at risk for undergrowth of the affected side, which can lead
to limited physical function, pain, and major disfigurement.
Growth impairment is common, with studies reporting facial
hemiatrophy in half the patients with linear scleroderma of
the head, deformity from tissue atrophy and/or muscle bulk
reduction in half, and a bone length difference in 15-18% of
patients (15-17).

Central nervous system (CNS) involvement is a less
common but notable extracutaneous manifestation. The overall
frequency of CNS involvement in juvenile LS is ~5% but
in patients with linear scleroderma of the head (LSh), it
ranges between 44% (18) and 50% (19). Seizures, in particular,
partial complex seizures, are the most common neurological
symptom, followed by headache, hemiparesis, cranial nerve
palsy, optic neuritis; and less commonly, neuropsychiatric
disorders, deterioration of intelligence, and/or ischemic stroke
(8). Temporal relationship between onset of the neurological
symptoms and skin lesions is variable, with the majority of
the patients having preceding scalp and facial lesions before

CNS presentation, though approximately one-quarter of the
cases can present with neurological manifestations (20) (21).
Radiological and cerebrospinal fluid (CSF) laboratory findings
in LSh patients further support that the disease affects the
CNS, likely in an autoimmune manner. When brain imaging
is performed in symptomatic patients, abnormalities, such as
cortical and subcortical white matter lesions, atrophy, and
calcinosis are common, with 34 of the 54 reported patients in
one review (63%) found to have multiple or diffuse brain lesions
on magnetic resonance imaging (MRI) (20). These brain lesions
seem to be more epileptogenic than other autoimmune diseases,
such as multiple sclerosis (20). Furthermore, analysis of CSF
obtained via lumbar puncture reveals findings consistent with
an inflammatory process in some LSh patients demonstrating
oligoclonal bands, elevated IgG levels, and autoantibodies (22—
24). Further evidence supporting CNS inflammation includes
histologic findings of LSh brain biopsies, which demonstrate the
same changes as seen in skin: chronic perivascular lymphocytic
inflammation with some vessels showing intimal thickening
and hyalinization (25).

POTENTIAL PATHOGENIC ETIOLOGIES

Genetics

Familial history of disease, either immediate or remote, is
common for those with autoimmune diseases. For LS patients,
10-30% of patients reported having a family history of
autoimmune disease, such as lupus and arthritis (26-30). Ten
percent of LS patients have concurrent autoimmune diseases;
in children, the most commonly identified diseases are vitiligo,
alopecia areata, and juvenile rheumatoid arthritis (26).

Few studies have examined HLA associations in LS. The
largest to date was performed using participants from the
Morphea in Adults and Children Cohort, which includes about
1/3 childhood-onset LS. In this case control study, HLA Class
IT genotyping and SSCP typing of HLA A, B, and C alleles
was performed and associations between HLA-Class I and II
alleles and LS as well as its subphenotypes was determined.
Notably, there was only one common allele with adult SSc,
DRB*04:04, implying LS and SSc are immunogenetically distinct.
In contrast, the strongest associations were with DRB1%04:04
and HLA-B*37 (31). DRB1*04:04 is also strongly associated with
risk for rheumatoid arthritis. Interestingly, population based
studies examining the autoimmune profile of RA have identified
increased risk (SIR) of LS in patients with RA. Conversely,
studies have indicated there may be increased risk of RA in LS
patients. Taken together, this implies that there may be common
genetic susceptibility in LS and RA as well as other autoimmune
disorders (27, 32). The strong association of LS with specific
class-I HLA alleles supports the role of CD8 or natural killer
cell associated immune responses in the pathogenesis of LS and
implicate loss of tolerance to an unknown self-antigen (31).

Developmental Etiology

Several studies have confirmed that localized scleroderma
follows the distribution pattern of Blaschko lines, invisible
patterns in the skin, distinct from dermatomes, which is a
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FIGURE 1 | (Left) Swirling lines of Blaschko on patient’s right trunk with pediatric-onset localized scleroderma. Note several other patches of morphea on trunk and
axilla. She also had linear bands of fibrosis traveling down posterior aspects of bilateral arms and right greater than left leg following lines of Blaschko. Written informed
consent was obtained for the clinical photograph. (Right) Diagram of lines of Blaschko. Without modification from Tenea (33).

normal embryonic pattern (Figure 1) (34, 35). This includes a
retrospective chart review of 65 children with linear scleroderma,
plotting skin lesions on standardized head and body charts
and then comparing these clinical diagrams to a computer-
assisted comparison, which demonstrated excellent correlation
(35). Some dermatologic diseases which distribute along lines
are believed to be evidence of genomic mosaicism, caused by
a somatic mutation during embryogenesis that gives rise to an
individual with two genetically distinct populations of cells (36).
Whole exome sequencing has been used to prove that affected
tissue from other conditions that follow Blaschko lines, including
some types of epidermal nevi, contains somatic mutations not
present in germline tissue from the same patient (37). Though
these findings suggest that localized scleroderma is a form of
cutaneous mosaicism, this theory has not yet been confirmed on
a molecular basis.

A neuroectodermal origin has been postulated for CNS disease
in juvenile LS. Given that face and brain parenchyma tissues
derive from a common progenitor in the ectodermal site of the
neural tube, an early mutation in the rostral area might cause
both cerebral dysgenesis and progressive facial hemiatrophy (38).
In support of this hypothesis are the coexistence of ipsilateral
cutaneous and neurological lesions and reports of Sturg-Weber
syndrome-like intracranial lesions and multiple hamartomas in
patients with linear scleroderma of the face (39, 40).

Immune Etiology

LS as an Autoimmune Disease

Takehara and colleagues were among the first to recognize
and publish the summary of immunologic findings to
support localized scleroderma as an autoimmune disorder
with serological supportive evidence being the presence of
autoantibodies (autoAb), elevated circulating cytokines, their

soluble receptors and soluble cell adhesion molecules (41).
Further, examination of the histopathology of LS lesions shows
close approximation of immune cell infiltrates with sclerosis
in inflammatory lesions, further supporting the interplay
between immune dysregulation and increased extracellular
matrix components including type I collagen in LS (42).
Specifically in regards to LSh, oligoclonal bands and elevated
IgG in the CSF have been documented, further supporting
an autoimmune phenomenon. Additionally, clinical response
of skin, musculoskeletal, and neurological manifestation of
LS to immunosuppressive agents, such as corticosteroids and
methotrexate, further provides support for the autoimmune
hypothesis (43-46). Here, we provide an updated summary
of the literature that builds upon this foundation, summarize
immune signature grouping or speculations of findings, as
well as future directions to give a better understanding of the
LS immunophenotype.

Histopathologic Evidence for Immune Involvement

In a cross-sectional study of 83 patients with localized
scleroderma in which 101 biopsy specimens were examined the
authors found that the microanatomical location and degree of
inflammation and sclerosis were associated with the stage of
evolution of the lesion as well as clinical disease manifestations.
The authors categorized sclerosis patterns as top heavy (confined
to the papillary dermis), bottom heavy (confined to the reticular
dermis and beyond), and throughout (extending from the
papillary dermis to subcutis and beyond). They also quantified
the degree and location of inflammation and cell types present.
Important observations included that all patterns of sclerosis
(top, bottom, and throughout) were present in circumscribed,
generalized, and linear subtypes. Interestingly, regardless of
subtype the bottom heavy or throughout pattern of sclerosis
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TABLE 1 | Peripheral Blood Cytokine Profiles in LS: Elevated cytokines associate with T helper cell linages and correlate with other inflammatory disease indicators, such
as activity scores and clinical laboratory tests.

Patient (n) and Subtype Ages median (IQR) Sex (% Clinical and serological
LS, SSc mean + SD female) correlations
CCL2/MCP- Torok et al. (66)7 69 Ped LS 8 generalized 13.0 (10.0-16.0) 67% -
1 41 linear
8 plaque morphea
CCL3/MIP- O’Brien et al. (67)f 87 LS 49 generalized 50 =+ 20 years (89% 69% -
1a 28 linear adult)
8 plaque morphea
CXCL8/IL-8 Ihn et al. (68) 48 LS 20 SSc 16 generalized - - -
22 linear
10 plague morphea
IL-2 lhn et al. (69) 48 LS 20 SSc 16 generalized - - RF
22 linear
10 plague morphea
IL-2R O’Brien et al. (67)T 87 LS 49 generalized 50 =+ 20 years (89% 69% LoSDI
28 linear adult)
8 plaque morphea
IL—4 lhn et al. (69) 48 LS 20 SSc 16 generalized - - AHA
22 linear
10 plague morphea
IL—6 lhn et al. (69) 48 LS 20 SSc 16 generalized - - AHA
22 linear
10 plaque morphea
IL-13 Hasegawa et al. (70)7 45 LS 12 generalized 27 (range 5-67 years 59% Number of plague lesions
22 linear old) Number of lesions
11 plaque morphea
IL-12 Torok et al. (66)7 69 Ped LS 8 generalized 13.0 (10.0-16.0) 67% -
41 linear
8 plague morphea
O’Brien et al. (67)f 87 LS 49 generalized 50 =+ 20 years (89% 69% LoSDI
28 linear adult)
8 plaque morphea
TNFa Hasegawa et al. (70)f 45 LS 12 generalized 27 (range 5-67 years 59% IgM
22 linear old) AHA
11 plaque morphea 19G
ssDNA
Muscle involvement
TGFB1 Uziel et al. (71)T 55 Ped LS 16 generalized 9.2 £ 3.6 years - -
28 linear
10 plague morphea
TGFp2 Budzynska- 17 LS 9 generalized 45.3 + 14.6 years 100% -
Wiodarczyk et al. 6 other subtypes
(72)
siL—2r Uziel et al. (73) 17 Ped LS - 8.1 years - -
slL—6r Nagaoka et al. (74) 45 LS 20 SSc 12 generalized - - IgM
22 linear RF
11 plaque Number of lesions
Number of body areas
Budzynska- 17 LS 9 generalized 45.3 + 14.6 years 100% ESR
Wiodarczyk et al. 6 other subtypes
(72)
Nagaoka et al, (74) 45 LS 20 SSc - - - IgM
AHA
RF

Number of lesions
Number of body areas

(Continued)
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TABLE 1 | Continued

Patient (n) and Subtype Ages median (IQR) Sex (% Clinical and serological
LS, SSc mean + SD female) correlations
IL-23 Danczak- 41 LS 14 generalized 43.7 £ 17.5 years 53% mLoSSI in plague patients
Pazdrowska et al. 7 linear Disease duration in
(75)* 20 plagque all subtypes
IL=17A Danczak- 41 LS 14 generalized 43.7 +17.5 years 53% mLoSSI in plaque patients
Pazdrowska et al. 7 linear Disease duration in
(75)* 20 plaque all subtypes
Torok et al. (66)f 69 Ped LS 8 generalized 13.0 (10.0-16.0) 67% -
41 linear
8 plaque morphea
IL—1 Danczak- 41LS 14 generalized 44 + 18 years 50% -
Pazdrowska et al. 7 linear
(75) 20 plaque
CXCL9./MIG O’Brien et al. (67)*7 87 LS 49 generalized 50 + 20 years (89% 69% mLoSSI
28 linear adult) LoSDI
8 plague morphea
Mertens et al. (76) 80 LS 16 generalized —80% adult 59% mLoSSI
30 linear
8 plaque morphea
CXCL10./IP- O’Brien et al. (67) 87 49 generalized 50 + 20 years (89% 69% LoSDI
10 28 linear adult)
8 plaque morphea
Mertens et al. (76) 80 LS 16 generalized —80% adult 59% mLoSS!I
30 linear
8 plagque morphea
Magee et al. (77)*T 69 Ped LS 8 generalized 12.5(10.0-16.0) 46% PGA-A
40 linear mLoSSI
5 plague morphea
sgp130 Nagaoka et al, (74) 45 LS 20 SSc - - - [e[€]

Number of lesions
Number of body areas

"Also demonstrated in skin

T Includes pediatric patients

CCL2/MCP-1, Monocyte chemoattractant protein-1;
CCLS3/MIP-1a, macrophage inflammatory protein 1 alpha;
CXCLS/IL-8, interleukin 8;

IL-2, interleukin 2;

IL-2R, interleukin 2 receptor;

IL-4, interleukin 4,

IL-6, interleukin 6;

IL-13, interleukin 13;

IL-12, interleukin 12;

TNFa, Tumor necrosis factor alpha;

TGFB1, Transforming growth factor beta 1;

TGFB2, Transforming growth factor beta 2;

sIL-2r, soluble interleukin 2 receptor;

SIL-6r, soluble interleukin 6 receptor;

IL-23, interleukin 23;

IL-17A, interleukin 17A;

IL-1, interleukin 1;

CXCL9/MIG, Chemokine (C-X-C moitif) ligand 9/Monokine induced by gamma interferon;
CXCL10/IP-10, C-X-C motif chemokine 10/Interferon gamma-induced protein 10;

Sgp130, soluble gp130;

AHA, anti-histone antibody;

ANA, anti-nuclear antibody;

ESR, Erythrocyte sedimentation rate (sed rate);
19G, Immunoglobulin G;

IgM, Immunoglobulin M;

LoSDI, Localized Scleroderma Damage Index;
mLoSSI, modified LS Skin Severity Index;

RF, Rheumatoid factor;

SSDNA, single stranded DNA antibodly.

Frontiers in Immunology | www.frontiersin.org

187

April 2019 | Volume 10 | Article 908


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Torok et al.

Immunopathogenesis of Pediatric Localized Scleroderma

was associated with increased risk of pain and functional
limitation, implying that both the location of a lesion on the
skin as well as the microanatomical location of the pathology
are important in determining those at risk for more serious
sequelae. In terms of inflammatory cell types, lymphocytes
predominated with plasma cells as second most common.
Surprisingly eosinophils were present in 21% of specimens. The
microanatomical location of inflammation closely mirrored that
of the pattern of sclerosis present in an individual specimen.
In other words, sclerosis occurred in areas that were enriched
in inflammatory cell infiltrate. This implies a link between
inflammation and activation of fibroblasts in the surrounding
dermis and subcutis. Taken together, these results support the
use of microanatomical location of inflammation and sclerosis
in assessing risk of pain and functional limitations in localized
scleroderma as well as further linking immune dysregulation as a
driver of sclerosis (42).

In addition to fibroblasts, the immune cells could potentially
activate skin structures. The location of the inflammatory
cell infiltrate in skin is typically in a perivascular, peri-
eccrine and peri-neural distribution, with the interplay with
the neurovascular bundles sometimes termed “lymphocytic
neurovasculitis” (47). In CNS disease, chronic perivascular
lymphocytic infiltrate with intimal thickening and hyalinization
of the vessels are also found when brain biopsies are obtained
(23-25). T lymphocytes were also identified in a brain biopsy
(48). Together, the histopathology in multiple organs in LS
further suggest an autoimmune phenomenon.

Autoantibodies and Clinical Associations in LS
Autoantibodies (autoAb) are commonly observed in individuals
with LS which reflects activation of the immune system
and auto-reactivity to self-antigens. Although not as specific
with regard to organ manifestation or scleroderma subtype
as seen in systemic sclerosis (SSc), autoAb may be helpful
in associating to disease severity and/or depth of LS. When
more classic SSc-associated autoAb, such as anti-centromere
and anti-topoisomerase, are tested in LS patients, they occur
in 3-18% of the LS subjects (4, 8, 26, 49, 50), none of which
had or developed SSc in addition to their LS diagnosis. A
recent study of the SSc line immunoassay (LIA) (Euroimmun,
Germany) in pediatric LS subjects found similar percentages
(centromere 14%, topoisomerase 10%, RNA Polymerase III
12%) and when compared to clinical parameters, correlated to
deep tissue involvement, signified by joint contractures, muscle
involvement and nerve entrapment (51). Interestingly, none of
the SSc-antibodies associated with LS subtype designation (51).
A high proportion of pediatric LS patients are Anti-Nuclear
Antibody (ANA) positive, ranging from 30 to 70% when tested
by indirect immunofluorescence (4, 11, 26-29, 41, 52, 53).
The frequency and clinical utility of autoantibodies in LS has
been the subject of numerous studies, with varied results.
The presence ANA in several studies corresponded to deeper
disease involvement (beyond the subcutis) by associating with
features, such as joint contractures, muscle atrophy and extremity
shortening, but not disease subtype or age of onset (4, 26—
29, 53, 54). A recent longitudinal cohort study supports a

positive ANA at LS diagnosis to be predictive of likelihood for
recurrence; therefore, ANA is likely promoting autoimmunity
in some fashion or reflecting a more auto-reactive state (55).
Other auto-antibodies which may be reflecting positive ANA in
LS have been reported, most commonly, anti-histone antibody
(AHA) and anti-single-stranded DNA antibody (ssDNA Ab). In
those tested, a range of 10-50% of LS patients are positive for
ssDNA and/or AHA (56-58) with both correlating to severity
features, such as deep muscle involvement, joint contractures,
and increased number of lesions (41, 57, 59), and is able to track
with disease activity status in a subset of patients (60).

When evaluated, rheumatoid factor was present in 16- 29%
of patients and associated with arthritis (29, 50). Other markers
of immune activation, such as IgG, IgA, and IgM were found
to be increased in patients with linear scleroderma, and deep
and pansclerotic morphea (29). Elevation of other more typical
laboratory parameters tested in connective tissue diseases, such
as muscle enzymes, corresponded to deeper tissue involvement.
Elevated creatine phosphokinase (CPK) and aldolase were
associated with disease parameters including muscle atrophy and
extremity shortening in a North American pediatric LS cohort,
indicating muscle involvement (11).

Cytokine and Cellular Signatures in LS

The exact cellular signature of LS is still being investigated. In
both adult and pediatric LS analyses, lymphocytes and their
associated cytokine and chemokine populations are observed
in both the blood and skin. Flow cytometry studies of the
circulating cellular phenotype of LS (pediatric and adult) have
shown a predominance of CD4"T helper cells along with
decreased functional T regulatory cells (61-63). This decrease
in T regulatory cells, possibly reflecting a more “permissive
state, was also seen in pediatric SSc without increases in
other T cell populations (64). Furthermore, when comparing
paired active to inactive PBMC phenotypes in LS, those with
active disease states demonstrated much higher populations
of IFNy-expressing T cells (reflecting Tyl cells; CD4™ IFNy
+ T cells) (63). An expanded study utilizing multiparameter
mass cytometry by time-of-flight spectrometry (CyTOF) also
supported increased IFNy expression from CD4™ T cells, as well
as NK cell populations, in active LS PBMC samples (65).

T helper cells consist of 3 main types including Ty1, TH2,
and Ty 17. These cell types produce distinct interactive cytokine
profiles. Tyl cells secrete IFN-y and IL-2 and are stimulated
by IL-12, whereas Ty2 cells produce IL-4, IL-5, IL-6, IL-10,
and IL-13 and are activated by IL-4. Ty17 cells produce IL-17
A/E, TIL-21, IL-22 and are propagated by IL-23, IL-6, and IL-1.
While elevation of cytokines associated with all three Ty lineages
have been observed in LS, the pattern of expression is consistent
with that of a Tyl predominance (Tablel). In peripheral
blood, elevation of Ty 1 related cytokines, chemokines, and their
receptors include: IL-2 (67, 69, 73), IL-12 (66, 67), TNFa (70),
TGEFB (66, 67,71, 72), MCP-1 (66), IFNY related proteins, CXCL9
(monokine induced by gamma interferon [MIG]) (67, 76, 77),
CXCL10 (Interferon gamma-induced protein 10 [IP-10]) (67, 76)
and CXCL11 (Interferon-inducible T-cell alpha chemoattractant
[I-TAC]), and IFNy chemokine receptor (CXCR3). Ty2 related
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cytokines IL-4 (69), IL-6 (69, 72), IL-13 (70), and Ty17 related
cytokines, IL-17A (66, 75), and IL-23 (75), were also reported
as significantly elevated in peripheral blood of LS patients
compared to controls. Peripheral blood levels of the IFNy-
related chemokines CXCL9 and CXCLI10 also correlated to
disease activity measures, such as clinical scores, the modified
Localized scleroderma skin severity index (mLoSSI), and the
Physician Global Assessment of disease activity (66, 67, 78)
(Table 1), underscoring their potential as serological biomarkers
of disease activity.

In LS skin, Ty 1/IFNy related chemokines CXCL9 (67) and
CXCL10 (77) were increased, while Ty17 related cytokines IL-
23 (75) and IL-17A (75) were decreased compared to healthy
control skin. Both CXCL9 and CXCL10 were found to be present
in the perivascular lymphocytic infiltrate of the papillary and
reticular dermis (67, 77). Additionally, CXCL9 was found to stain
in close approximation to both CD4™ Ty cells and macrophages
(67), suggesting potential interaction between lymphocytes and
macrophages utilizing IFNy chemokine signaling (Figure 2).
Overall, this may synergistically promote fibroblasts to increase
collagen expression in LS, eventually causing increased collagen
deposition, fibrosis, and a shift toward a later T2 profile.

In summary, in LS there is a Ty1/IFNy signature prevalent
in the active or initial inflammatory stage of the disease and
likely a more fibrotic T2 signature follows in the collagenous
stage of LS, which more closely resembles long term SSc disease
profiles. These two states of inflammatory and fibrotic disease
have unique profiles that reflect the clinical perception of disease.
In pediatric patients, CXCL9, CXCL10, CXCL11, MIP-38, IL-
9, IL-2, and CCL-1 were elevated in the active state compared
to the inactive state of disease (77, 78) as indicated by these
cytokine profiles of the blood and skin. The exact relationship
of the circulating cellular and cytokine/chemokine players to
skin pathophysiology is still under study. One study focused on
skin expression of select transcripts, and found increased mRNA
levels of CCR7 and CCL5/RANTES in LS lesions (79). This
supported the idea that lymphocytes are recruited from the blood
to lesional skin. Investigation into skin-homing T cell profiles
are underway in LS, with preliminary data showing that both
skin homing CD8" (Tc)CCR10" and CD4™ (Ty)CCR10™ T cells
subsets produce inflammatory cytokine populations, including
IENy, that were significantly increased in the active disease
state compared to the inactive disease state (80). In adult SSc,
IL-13%, and not IFNy™, CD8TCCR10™ cells appear to be the
skin homing cell type that propagates disease (81), emphasizing
possible biological differences in scleroderma phenotypes: a more
inflammatory, Tg1/Tcl phenotype in LS and a more fibrotic,
Tu2/Tc2 phenotype in SSc.

The LS Transcriptome

Investigation into the transcriptome of scleroderma, specifically
SSc, has been successful at classifying samples based on genetic
differences that could indicate or predict disease progression
and potential future treatment plans. Adult SSc subjects were
classified into 4 distinct genetic signatures based on overall
microarray expression of the skin (82). These classifications
include a diffuse-proliferation group composed of diffuse SSc

patients, the inflammatory group containing diffuse SSc, limited
SSc and LS (4 morphea subjects were included in the analyses),
the limited group composed of limited SSc, and the normal-
like group, which includes healthy controls along with a
few SSc patients (82). All of the LS subjects included fell
nicely into the inflammatory group, expressing primarily T-
lymphocyte and IFNy related genes (82), which corresponds to
the peripheral blood and protein skin expression discussed above.
Recent transcriptional analysis using RNA bulk sequencing
of pediatric LS skin showed a distinct subset of patients
expressing similar inflammatory genes including interferon-
inducible chemokines, such as CXCL9, CXCL10, CXCLI11,
and IFNy itself (83). Similar to SSc, subgroupings of LS
patients are expected to be present as these inflammatory
genes were more highly expressed in LS patients with more
inflammatory or active lesions, with associated higher clinical
activity scores, mLoSSI and PGA-A (83). This transcriptome
classification system in SSc has been used more recently to
predict patient response to therapy, such as the inflammatory
subset showing better response to mycophenolate mofetil and
the fibroproliferative group showing better response to stem cell
transplant (84, 85). A methodologically similar classification of
LS using immunophenotyping of the transcriptome could help
to delineate immunological subtypes and determine therapeutic
responses to disease.

Speculation: Differences in Immune System Function
in Children and Adults
The greater prevalence of extracutaneous manifestations and
autoimmunity in children than in adults suggests the possibility
of some age-related differences in disease mechanisms that
may potentially reflect differences in immune system function
between children and adults. The immune system is relatively
immature at birth, and many changes occur within the first year
of life. Newborn dependency on antibodies from the maternal
circulation and immune cells undergo phenotypic changes over
the first few months of life including a robust thymic output of
T cells that subsides over the first few years (86, 87). However,
there are also changes from early childhood to adulthood. For
example, in the peripheral blood, CD4 and CD8T cell counts
increase from childhood to adulthood while B cell counts drop
(88). At the same time, regulatory T cell (87), monocyte (89)
and NK cell (90) counts are higher in infancy or early childhood
than in adulthood. Whether these differences in cell population
reflect differential generation, trafficking, or survival is currently
unclear. T and B cells are continuously trafficking between blood
and secondary lymphoid organs, such as spleen and lymph
nodes (91), and an increased proportion of B cells in the blood
circulation at a young age could reflect relative reductions in
B cell entry into lymph nodes, and potentially less exposure
to an environment that supports the generation of a robust
but also a well-regulated response. Further understanding how
differences in immune cell numbers reflect differential immune
system function could help to better understand disease.

In addition to differences in cell numbers, immune cells also
differ in function in children and adults. Generally, early life
is dominated by a more regulatory state that favors healing
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FIGURE 2 | Proposed cellular interactions of macrophages, fibroblasts, and T
cells in localized scleroderma. Resident macrophages stimulate T cells and
fibroblasts via TH1/IFNy associated cytokine network to produce inflammation
and collagen accumulation in the skin.

and repair (92). For innate immunity, NK cell phenotype is
more consistent with cytokine producing rather than cytotoxic
function early in post-natal life, with more mature phenotype
during the first years of life (90). Responses to toll like receptor
(TLR) stimulation are reduced during early months to years in
Western countries (90, 92). At the same time, production of
IL-10, a regulatory cytokine decreases during infancy to below
adult levels, and then increases again until adult levels are
reached (90). The functional implications of these alterations
for different manifestations of scleroderma in childhood and
adulthood are unclear, but these differences drive home the
point that immunopathogenesis at different times of life may
be different.

Childhood is also a time of immune repertoire development
for lymphocytes, whereby lymphocytes that are naive will be
exposed to antigen, and antigen- experienced lymphocytes will
constitute a larger proportion of the body’s lymphocytes (87).
Exposure over infancy and childhood through the gut, skin, and
respiratory tract to different microbes, food, and the environment
is thought to contribute to shaping and increasing the memory T
cell compartment and protective antibodies. While the immune
repertoire is modulated with intercurrent infections, even in the
absence of frank infections, these exposures help to generate
memory cells and antibodies that can potentially cross react
enough with potential pathogens to protect the child later on
(87). In addition to the antigenic exposure, the diversity of
an individual’s immune repertoire is also shaped by stochastic
events. The selection of the exact T and B cells that will dominate
in the response to antigen exposure has a large element of
randomness, as reflected in the different immune repertoires in
twins (93). During this period of high expansion of the immune
repertoire, T and B cells that are cross-reactive to self and
pathogenic could incidentally be generated.

Given these differences in immune function in children and
adults, it is interesting to consider that the biomarkers of disease
seen in pediatric LS compared to healthy pediatric controls—
the reduced regulatory T cell, increased Ty1, Ty2, and Tyl7
cells, and increased innate cell activation—resemble the pattern

seen in a healthy adult immune system. We speculate that,
while autoreactivity could contribute to pathogenesis, the cell
distribution and activity in pediatric LS may actually signal an
accelerated development of the immune system. This would be
complementary but distinct from “aging” of the immune system
and generation of senescent pro-inflammatory cells (94), but an
acceleration of normal transition to a more permissive immune
system that, perhaps in addition to the increased antigenic
exposure during childhood, contributes to pathology in children.

FUTURE DIRECTIONS FOR RESEARCH

While treatment strategies effective for most patients have been
identified, there is a major need for additional treatment options
and strategies. Thirty percent of jLS patients may fail to respond
to initial standard immunosuppressive treatment (95), and 15—
53% of patients can relapse following treatment (15, 28, 95).
Active disease can persist for decades (53, 96). Failure to achieve
remission and relapsing disease are both associated with poorer
outcome (97).

Identifying optimal treatment strategies for jLS will require
comparative effectiveness studies; the feasibility of this approach
was demonstrated by a recent pilot study of three standardized
methotrexate based regimens (13). Because treatment is focused
on controlling inflammation, sensitive monitoring of disease
activity is essential for conducting such trials. A recent study
identified specific lesion features for tracking disease activity that
are likely to improve the sensitivity and specificity of existing
clinical measures (14). Future work may lead to development
of a weighted clinical activity measure to further improve our
ability to identify relative differences in treatment efficacies.
The identification of biomarkers that facilitate monitoring
activity level and/or help identify response to specific treatments
will enable us to work toward personalized medicine for
these patients.

Further understanding disease pathophysiology will aid in the
development of new therapeutic approaches. Insight into the
exact nature of the immune dysfunction and how it contributes
to skin fibrosis and the extracutaneous manifestations may
help to better target the immune system to treat the disease.
Understanding how the unique aspects of the immune system of
childhood intersect with the disease process can further provide
insight into disease etiology and perhaps teach us how to best
reduce the immune dysfunction, or at the very least, repair
the damage.
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Utrecht, Netherlands

Chronic inflammatory diseases are characterized by a disturbed immune balance leading
to recurring episodes of inflammation in specific target tissues, such as the joints in
juvenile idiopathic arthritis. The tissue becomes infiltrated by multiple types of immune
cell, including high numbers of CD4 and CD8 T-cells, which are mostly effector memory
cells. Locally, these T-cells display an environment-adapted phenotype, induced by
inflammation- and tissue-specific instructions. Some of the infiltrated T-cells may become
tissue resident and play a role in relapses of inflammation. Adaptation to the environment
may lead to functional (re)programming of cells and altered cellular interactions and
responses. For example, specifically at the site of inflammation both CD4 and CD8
T-cells can become resistant to regulatory T-cell-mediated regulation. In addition, CD8
and CD4 T-cells show a unique profile with pro- and anti-inflammatory features coexisting
in the same compartment. Also regulatory T-cells are neither homogeneous nor static
in nature and show features of functional differentiation, and plasticity in infammatory
environments. Here we will discuss the recent insights in T-cell functional specialization,
regulation, and clonal expansion in local (tissue) inflamsmation.

Keywords: T-cell adaptation, autoimmune-inflammation, regulatory T-cell, CD8 T-cell, tissue-resident memory
T-cell, clonal expansion, JIA, SLE

INTRODUCTION

A typical hallmark of immune-mediated inflammatory diseases (IMIDs) is the intermittent
presence of inflammation that manifest in specific target tissues. In affected tissues, activated
antigen-specific T-cells with a memory phenotype are present. The combination of memory
T-cell infiltrated at affected sites and genetic associations have pointed to T-cells as key players
in the pathophysiology of chronic inflammatory diseases. Due to the ongoing inflammation
in target tissues there is an increasing risk for collateral tissue damage. Especially in children
this can have long-term effects and consequences. Understanding the biology of immune cells
that are actively involved in the local inflammatory process is crucial for the development of
therapeutic approaches. However, because of technical challenges, the vast majority of data in
human studies comes from peripheral blood cells. With the emergence of novel techniques
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including (single-cell) RNA-sequencing and mass cytometry
it is now possible to unravel T-cell signatures in a local
(tissue) setting. Here, we will discuss the most recent findings
on human T-cell functional programming and adaptation at
the site of chronic inflammation with a focus on pediatric
rheumatologic disease.

T-CELLS AT THE SITE OF INFLAMMATION

Inflammation is a process aimed at eliminating the triggering
agent, but in chronic inflammation the (auto)antigens persist,
inducing a sustained inflammation. When inflammation does
resolve, a population of antigen-specific T-cells may remain in
the tissue as memory cells and become tissue resident (1), the
so called tissue-resident memory T-cells (Trm). This makes them
unique compared to central memory, effector memory and naive
T-cells that recirculate within lymphoid organs and blood and/or
lymphatics. A hallmark of Trm cells is their ability to respond
quickly and robustly after re-encountering the antigen as well as
the expression of inhibitory molecules to keep them in check. In
steady-state, Trm play an important role in tissue homeostasis
and protection. After immune re-activation of Trm, circulating
immune cells are attracted to the site of inflammation as well,
resulting in local accumulation of antigen-specific memory T-
cells. So both Trm and infiltrating T-cells that might eventually
become Trm themselves, may actively participate during the
inflammatory response. Because of their vigilance and specific
localization in tissues, Trm are suspected to play a dominant role
in the typical relapsing remitting course of chronic inflammatory
diseases. Not much is known about the dynamics and interaction
between both memory subsets. An accumulation of both CD4*
and CD8" T-cells are found at sites of chronic inflammation.
However, research on the involvement of T-cells in disease
pathogenesis has mainly focused on CD4" T-cells, whereas
CD8™ T-cells have been the focus of the Trm research field. In
this review we summarize the findings on CD8%, CD4™, and
FOXP3™ regulatory T-cell (Treg) subsets in the contexts of local
(tissue) adaptation and functional differentiation. In line with the
divarication of T helper cells, with each subset having a specified
function in the immune system, it is now becoming apparent that
specialization is also true for T-cells present in different tissues
and types of inflammation. The local acquisition of additional
or adjusted functions and phenotypes will be referred to
as adaptation.

CD4* T Helper Responses in Local
Pathogenesis

For a long time, CD4" T have been recognized as central
players in the immune-pathogenesis of autoimmune diseases,
which is supported by strong associations of rheumatic diseases
with MHC class 1T alleles (2). The CD4" T-cell population is
comprised of several T helper subsets that develop after the
T-cell receptor (TCR) on naive CD4" T-cells interacts with
activated antigen presenting cells (APCs). Next to this TCR
stimulation, co-stimulation, subsequent signaling and cytokines
in the micro-environment are important in determining the

fate of a specific subset, by activating signaling molecules that
establish a lineage-specific enhancer landscape and lead to
the expression of master transcription factors. Those, together
with a complex network of accessory transcription factors, can
coordinate cellular differentiation programs committed toward
a lineage, while simultaneously repressing the developmental
programs of opposing Th lineages (3). For many years the
only identified lineages were Thl and Th2 subsets, with IFNy
producing Th1 cells being specialized in cell-mediated immune
responses against intracellular bacteria and Th2 cells producing
IL-4 and IL-13 targeting helminths. The discovery of other
subsets, such as Th17, Th9, and T follicular helper (Tth) cells
has shifted the paradigm of two opposing lineages (4-6). Th17
cells, producing various cytokines including IL-17, IL-22, and
GM-CSE induce defense against fungi and extracellular bacteria
and are crucial for the maintenance of mucosal homeostasis (7).
Despite their relatively recent discovery, Th17 cells are implicated
in the pathogenesis of many human (autoimmune-) diseases.
This also accounts for Tth cells that provide help to cognate B
cells to produce high affinity antibodies and memory B cells and
as such control humoral immunity (8). Recent reports indicate
that Th9 cells, mainly producing IL-9, may also be involved in the
pathogenesis of auto-immune diseases, possibly by promoting
Th17 differentiation (4).

Many immune-mediated diseases are associated with aberrant
Th responses. In the lamina propria of Crohn’s disease, the
synovial fluid (SF) of Juvenile Idiopathic Arthritis (JIA) and
Rheumatoid Arthritis (RA) patients and renal tissue of Systemic
Lupus Erythematosus (SLE) patients for example, Thl cells
are implicated in disease pathogenesis (9-12). In JIA, a mixed
Th17/Th1 phenotype is also found in inflamed joints, capable
of producing both IL-17 and IFNy. The presence of this subset
correlates with disease activity (13, 14) and its IL-17-producing
capacity is associated with CD161 expression (15). Interestingly,
this subset seems to be present specifically in inflammatory
environments, and can be a transiently induced from Th17 cells
upon exposure to IL-12 and/or TNFa (13, 14, 16). Whereas, the
Th1 lineage is shown to be fairly stable, the Th17 lineage is known
for its instability and is severely impacted by the environment
(17). In line with this, the mixed Th1/Th17 phenotype likely
derives from Th17 cells instead of Thl cells (18). Next to
pathogenic Th17 cells, non-pathogenic Th17 cells have been
described in autoimmune diseases as well [reviewed in (19)].
A recent paper found delayed IL-10 production in about 25%
of activated human Th17 clones in culture (20). This indicates
that IL-10 production is an intrinsic property of a subset
of Th17 cells after antigenic stimulation, perhaps to regulate
and balance the immune response. Transcriptional analysis of
the IL-10" and IL-10~ Th17 clones demonstrated immune-
regulatory and tissue-resident properties of IL-10 producing
Th17 cells, and a pro-inflammatory profile of IL-10~ Th17 cells
with high CCR7 expression, which may indicate circulatory
properties (20). Local pathogenic Th17 cells have been described
in multiple autoimmune disease [reviewed in (17)]. In muscle
of JDM patients and affected kidneys of SLE patients, IL-
17 producing cells are increased (21-23). One mechanism
that explains the elevated production of IL-17 in JIA and
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SLE is the increased expression of the transcription factor
cAMP-responsive element modulator (CREM)a. This induces
repression of IL-2 transcription but also epigenetic changes
of the IL-17A locus, resulting in enhanced IL-17A promoter
activity (24, 25). Although evidence for involvement of the IL-
17 signaling pathway in SLE pathogenesis is expanding, direct
interference with IL-17 or it’s receptor does not seem to be
effective, at least in mouse models (26, 27). Also in JIA, IL-
17 blockade is not part of standard treatment. This might be
related to the pathogenic role of another CD4™ subset, Tth cells
that is increased in inflamed tissues of RA and SLE patients
and located near B cells in affected kidneys in SLE patients
(28, 29). Interestingly, STAT-3 and IL-21, signature molecules
shared by Th17 and Tth cells, are heavily implicated in SLE
pathology and are capable of inducing autoreactive B cells (30,
31). Alternatively, the lack of IL-17 blockade efficacy in JIA
might be explained by Th17 cells that can be polarized in the
inflamed joints to shift toward the so called non-classic Thl
subset. These cells have been shown to lose the ability to produce
IL-17 while maintaining both RORc and CD161 expression
and produce high levels of IFNy, in line with the mixed
Th1/Th17 cells described above (18). Altogether, overactive
CD4" T-cells are present at the site of human inflammation
and represent a mixed population of which especially Th17 cells
show plasticity.

A Continuum of Th Cell Fates

The presence of mixed CD4" phenotypes found in human
sites of autoimmune inflammation is of great interest, but
might not be inflammation-specific. Recent studies using novel
technologies have revealed a continuum of cell fates rather
than limited and distinct Th subsets in healthy tissues. Mass
cytometry measuring T-cell trafficking receptor and cytokine
expression in eight different human tissues revealed tissue-
specific and unique T-cell phenotypes (32). This indicates
that T-cells cannot be easily classified into separate lineages
across human tissues. Furthermore, multi-color cytometry of
peripheral blood cells of a healthy human cohort showed
substantial subject-to-subject differences in T-cell populations
that yet remained relatively stable for months within individuals
(33). Age and disease associated genetic polymorphisms were
identified as important factors in the identified variation.
These publications highlight the importance of age and tissue
influences on T cells [reviewed in (34)]. On top of this
homeostatic variety, inflammation will probably add another
layer of complexity by driving local tissue cells into an
adapted phenotype.

CD8* T Helper Responses in Local

Pathogenesis

Although long neglected in autoimmune diseases compared
to CD4" T-cells, CD8" T-cells are equipped with different
capacities by which they can contribute to the inflammatory
process. For example, CD8" T-cells have cytolytic activity,
produce pro-inflammatory cytokines and can react to self-
antigens upon cross-presentation (35). In several chronic
inflammatory diseases CD8* T-cells are described to be present

in the inflamed tissues and increased CD8" T-cell numbers
are associated poor prognosis in several rheumatic diseases
including JTA, RA and SLE (36-39). CD8™ T-cells form a diverse
group of cells but in contrast to CD4" T-cells subsets are less
well-defined. The phenotype of CD8' T-cells at the inflamed
site of human autoimmune arthritis is heterogeneous, with both
pro- and anti-inflammatory features [reviewed in (35)]. In SF
of RA patients for example, CD8" T-cells are characterized by
increased expression of activation markers (CD80, CD86, CD25),
pro-inflammatory cytokines like IL-6 and TNFa, and with a
proliferative signature, but also by elevated levels of negative
co-stimulatory markers, such as TIM-3 and PD-1 (36, 40, 41). In
affected kidneys of SLE patients, the majority of CD8" T-cells
are located in the periglomerular regions where tissue damage
occurs, and this infiltrate is correlated with renal injury (42).
Despite multiple studies reporting CD8™ T-cells accumulation in
SLE affected tissues, the phenotype of local CD8™ T-cells remains
largely unexplored. One study reports a differentiated effector
memory phenotype with loss of CD28 on infiltrating CD8*
T-cells, indicating active involvement of these cells in disease
pathology (43). However, although counter-intuitive for effector
cells in an autoimmune environment, a recent study shows that
kidney-infiltrating T-cells are metabolically and functionally
“exhausted” in three mouse models of lupus nephritis (44). The
term “exhausted” stems from numerous studies on CD8" T-cells
in chronic viral infections and, to a lesser extent, in cancers.
Chronic antigen exposure in these settings goes along with the
upregulation of negative co-stimulatory markers, such as PD-1
in combination with reduced secretion of effector cytokines
and proliferation. This has led to the hypothesis that these cells
are terminally differentiated and severely functionally impaired
(45, 46). However, recently this concept was challenged by the
discovery that PD-1T CD8" T-cells are functionally adapted
cells able to control the viral load or tumor cells without causing
excessive immune pathology, and can be therapeutically
reinvigorated by  blocking  PD-1/PD-L1  interaction
(47, 48).

Chronic Stimulation in Auto-Immune Inflammation:
From an Exhausted to a Trm Phenotype

Not much is known about the functional profile of tissue-specific
memory CD8" T-cell in human chronic autoimmune diseases.
Like CD8" T-cells in infectious diseases and tumors, these
cells are chronically activated. However, instead of resulting in
strengthened regulation as is described for the aforementioned
conditions, chronic stimulation in autoimmune diseases seems
to lead toward overzealous and pathogenic effector functions.
Previous observations from peripheral blood derived CD8" T-
cells show that the transcriptional signature reflecting exhaustion
is associated with poor clearance of chronic viral infection, but
conversely predicts better prognosis in multiple auto-immune
diseases, including SLE (49). A recent paper addressing the
enriched PD-1T CD8" T-cell population in SF of JIA patients
is the first to study this cell subset locally, derived from the
site of inflammation in humans (50). In this setting, PD-
1 expressing CD8" T-cells maintain their effector function,
such as pro-inflammatory cytokine production, cytotoxic profile,
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and use of glycolysis as a metabolic pathway and thereby are
suspected to have a detrimental role in autoimmune tissue
damage. Strong inflammatory signals, and high levels of soluble
PD-1 that block interaction with APCs (51), may overrule
or hamper PD-1-signaling in CD8' T-cells in SF of JIA
patients. In line with this, Odorizzi et al. have shown that PD-
1 expression is not a prerequisite for exhaustion to occur, by
using a mouse model of chronic viral infection with genetic
absence of PD-1. In this model, PD-1 prevented CD8" T-
cells overstimulation and apoptosis, as the absence of PD-1
led to more cytotoxic but terminally differentiated CD8% T-
cells (47). It is tempting to speculate that this mechanism
may also play a role in local auto-immune inflammation,
leading to survival of auto-antigen induced clonally expanding
effector cells.

In line with this, other T-cell subsets have been described that
may be induced by chronic stimulation and acquire a pathogenic
role. The latter is reflected by the secretion of inflammatory
cytokines and expression of granzymes and perforin. These
include CD8™ T-cells expressing CD57 (52, 53) and CD4"/CD8%
T-cells that have downregulated CD28, so called CD28™!! cells
(54, 55). Some reports have demonstrated that these cells are also
present in SF of RA patients, whereas others failed to confirm this
(56, 57). There are indications that these chronically activated
CD4" and CD8* T-cells cells are induced by CMV infection
in RA patients (58), although a causative linkage has not been
established thus far (54, 59).

Interestingly, the combined cytotoxic and regulatory profile
of CD8" T-cells, defined by increased expression of effector
molecules, such as Granzyme B on the one hand, and of
negative co-stimulatory molecules on the other hand, is also
typical for Trm cells (60). In line with this, the PD-1"
CD8" cells in SF were shown to be enriched for a Trm
transcriptional profile compared to the PD-1- CD8" T-cells
from the same environment (50). Furthermore, Trm are defined
by CD69 expression and downregulation of SIPR1, which is
also found on PD-11t CD8% cells derived from SF of JIA
patients. So local CD8" T-cells from the site of autoimmune
inflammation in JIA cannot be classified as exhausted, despite
some overlapping features, but share much of their profile
with Trm cells. Interestingly, tumor-infiltrating CD8+ T-cells
in human cancers also display a Trm profile (61). Moreover,
a recent paper describing the transcriptional, metabolic, and
functional signatures of intra-tumoral PD-1T CD8" T-cells has
revealed that, next to many commonalities, such as impaired
cytokine production, these cells also differ from exhausted cells
as described in chronic infections (62). The intra-tumoral CD8%
T-cells showed increased proliferation and glycolysis, and lack
of enrichment of the exhausted T-cell gene signature (62), as
was observed in SF of JIA patients. The interpretation now
arises that CD8" “exhausted” cells are a heterogeneous group
of memory cells with diverse differentiation states but all driven
by persistence of antigen that induces upregulation of inhibitory
receptors, and with functional properties that are influenced by
the environment (63, 64). This concept shares many features
with the current view on Trm cells as they are also regarded
as highly specialized cells with a tissue adapted profile, tightly

regulated to prevent excessive tissue damage. The commonalities
between CD8™ T-cells at inflammatory sites and the Trm profile
suggest interplay between inflammation and tissue residency.
Indeed, several studies indicate that inflammation is the trigger
for initial homing of Trm cells, by providing the migratory signals
needed to direct them to tissues (61). PD-1 expressing CD8" T-
cells in an inflammatory exudate, such as SF of JIA could be
tissue derived, but how they developmentally relate to Trm cells
remains unknown. All in all, local CD8" T-cells situated in
the affected tissue of chronic inflammation are heterogeneous
with both effector and regulatory responses that are highly
influenced by chronic inflammation, possibly with disease
specific profiles.

FOXP3 Regulatory T-Cells Responses in

Local Pathogenesis

Overzealous CD4" Th responses carry the risk of initiating
detrimental pro-inflammatory responses that can result in
collateral tissue damage. Thus, the maintenance of immune
homeostasis and prevention of immunopathology requires tight
regulatory mechanisms. Regulatory T-cells (Treg) are a subset
of CD4™" T-cells with unique homeostatic functions. Absence
of the Treg master transcription FOXP3 leads to fatal multi-
organ autoimmunity in mice and men (65, 66). The capacity
of Treg to dampen immune responses have made them
attractive therapeutic targets in diverse settings, such as in
autoimmune diseases, transplantation, and cancer. The best
discriminative surface markers for Treg are high expression of
CD25 (IL-2 receptor o) in combination with low expression
of CD127 (IL-7 receptor a). Early studies often used solely
high CD25 expression to identify or purify Treg, resulting in
contamination with activated conventional CD4+ T-cells, and
contradicting data.

Effector and Polarized Treg

Traditionally, the Treg lineage was considered as a homogeneous
group of committed cells with suppressive capacities toward
other immune cells. As it increasingly becoming apparent that
most, if not all, immune cells have the capacity to adapt to their
environment, data from the last decade demonstrated that Treg
are perhaps the most heterogeneous in phenotype and function
(67). Their high turnover and sensitivity to environmental
signals leads to a large degree of adaptation that allows
Treg to control diverse immune responses and even to exert
tissue-specific functions. In that respect novel Treg phenotypes
have been identified that differ markedly from their naive
recirculating counterparts (central Treg). Liston and Gray have
proposed the model of environment-instructed effector Treg
and polarized Treg differentiation (68). Effector Treg, or eTreg,
are characterized in humans by Foxp3M8hCD25"8PCD45RAW
expression representing a small fraction of circulating Treg (69).
They have signs of recent antigen encounter, have an heightened
activation status and migratory potential, and express markers
similar to activated conventional CD4" T-cells while maintaining
Treg functions (68). For example, increased expression of
Foxp3, as well as typical functional markers, such as ICOS and
CTLA4 is observed in eTreg (69, 70). Polarized (tissue-resident)
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Treg are present in non-lymphoid tissues, express specific
homing receptors and exert tissue-specific functions and immune
regulation. Treg do so by utilizing the transcription factor
program of the population they are suppressing, or tissue specific
transcription factors, respectively (67, 68, 71). For example,
Treg that co-express T-BET next to FOXP3 can efficiently
suppress Thl responses (72), whereas the expression of adipose
tissue-specific peroxisome proliferator-activated receptor gamma
(PPARy) is needed for Treg to control insulin sensitivity (73).
In the latter case, Treg are tissue-resident in a physiological
condition and there is an increasing list of tissue specific
phenotypes of tissue-resident Treg exerting non-immunological
but tissue-homeostatic functions [reviewed in (67)]. To what
extend the profile of conventional Trm is applicable to tissue-
resident Treg remains to be explored.

Using the proper gating strategy for Treg markers, the
frequency of Treg in rheumatic diseases is increased at the
site of inflammation in JIA and JDM (74-76). Whether Treg
function is impaired in these diseases is still under debate,
partly related to differences in phenotyping markers and
conditions of in vitro assays used to test Treg functionality.
Multiple studies have however shown that Treg derived from
SF of JIA patients maintain their suppressive function and
upregulate Treg functional markers, such as CD25, CTLA4,
and GITR, rather pointing toward an eTreg profile (77-79)
(Figure 1).

Treg Stability

Instability of Treg has long been suspected to play a role in disease
pathology. Instability is defined by loss of FOXP3 expression
and suppressive function, with a concomitant acquisition of
an effector phenotype. The stability of Treg is a contentious
issue, with contradicting data from several studies (80). Multiple
mouse models, including genetic fate-mapping models that allow
tracking Foxp3 expressing cells, revealed that Treg are fairly
stable in vivo with a small proportion of cells that lose Foxp3
expression (81-84).

At the site of autoimmune inflammation in humans, FOXP3-
expressing Treg that produce pro-inflammatory cytokines have
been described (85, 86). In specific tissues however, it is
unknown if aberrant adapted Treg add to disease pathogenesis.
In this regard, it is important to distinguish between functional
plasticity/adaptability and lineage instability. In JIA, a small
fraction of SF Treg expresses CD161 and is capable of
producing pro-inflammatory cytokines. At the same time,
FOXP3 expression remains high and suppressive capacity is also
maintained (87, 88). Another paper studying Treg stability in
SF of JIA patients, demonstrated that the T-cell receptor (TCR)
repertoires of Treg is very distinct from conventional T-cells in
SE indicating a different origin and thus excluding a large degree
of instability of Treg (89). On top of that, the same paper showed
that Treg need inflammatory signals present in SF to maintain
their FOXP3 expression, supporting the idea that local signals in
an inflammatory environment can stabilize or even enhance the
Treg phenotype.

Systemic administration of IL-2 as a therapy to maintain
and possibly expand Treg is currently being tested for SLE

patients. A recent paper reports on reduced CD25 expression
on peripheral blood Treg of SLE patients, that correlates to the
reduced production of IL-2 from circulating memory T-cells
(90). Since the increased expression of CREMa leads to reduced
IL-2 production of effector T-cells, and IL-2 receptor (CD25)
signaling via STATS5 is pivotal for maintained Foxp3 expression
in Treg, impaired Treg function could be a consequence (91).
This provides a rationale for Treg targeted therapy by low dose
IL-2 administration (92). However, it is not known whether
the reduced CD25 expression on Treg also occurs at the site
of inflammation. Moreover, in peripheral blood of active SLE
patients enhanced levels of functional, non-cytokine producing
Helios™ Treg have been identified that positively correlate with
disease activity (93, 94). In addition, these cells were shown
to express CXCR3 and CCR4, allowing them to migrate to
inflammatory sites (93).

The stability of Treg is regulated on multiple levels. The
acquisition of a specific epigenetic landscape is a strong
determinant (95), as transcriptional and post-
transcriptional regulation of FOXP3. In vitro studies have shown
that environmental cues can modulate these processes. For
example ubiquitination of FOXP3, that targets its proteosomal
degradation, is highly regulated by the ubiquitin ligase Stubl
and the deubiquitinating enzyme USP7. In vitro, inflammatory
stimuli allow Stubl to bind FOXP3 and promote its degradation,
which is further facilitated by the downregulation of USP7
(96, 97). However, ex vivo gene expression analysis of SF Treg
from JIA patients shows stable expression of both proteins
(Mijnheer et al, unpublished data). This illustrates that in
vivo regulation of FOXP3 and Treg function is a highly
complex organized process in which multiple proteins are
involved. Also, depending on the environmental conditions,
different proteins can take part in this network, allowing
fine-tuning of the cells to a specific environment and further
polarization (81). Altogether, there are no indications for
Treg instability on a large scale in vivo, but inflammation
does seem to impact Treg by differentiation toward an
eTreg phenotype.

well as

Resistance of CD4* and CD8* Cells to Suppression

Unresponsiveness of T-cells to Treg suppression is most likely
a normal transient phenomenon during the assembly of an
immune response to clear an infectious threat. However, in
auto-immune diseases this resistance of local effector T-cells to
suppression contributes to a sustained inflammatory response
and subsequent disease pathogenesis (98). In JIA, both CD4™
and CD8™ T-cells from the synovial fluid of affected joints have
been found to be intrinsically resistant to suppression (78, 79, 99).
The same has been described for CD4™ T-cells from SLE patients
(100). The resistance to suppression is at least partly mediated by
protein kinase B (PKB)/c-akt hyper-activation, induced by local
cytokines. TNFa and IL-6 were found to induce resistance in
CD4™" T-cells, whereas TNFa and autocrine release of IFNy were
responsible for the intrinsic resistance in CD8' T-cells (79, 99).
The hyperphosphorylation of PKB/c-akt is interesting in the light
of PD-1 signaling, since PD-1 is a strong negative regulator
of PKB/c-akt (101). Apparently PD-1 signaling in SF T-cells is
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FIGURE 1 | Adaptation of Treg to local auto-immune inflammation. At the site of human autoimmune-inflammation functional Treg are present that display an effector
phenotype. This phenotype is characterized by increased expression of functional Treg markers, including CD25, CTLA4, GITR, ICOS, and TIGIT (1) and stable
increased expression of Foxp3, and at least in part, instructed by local inflammatory signals (2). Furthermore, Treg are clonally expanding as is reflected by increased
Ki67 expression and a local clonal TCR repertoire, possibly mediated by TNFa signaling via TNFR2 on Treg (3). In addition to the effector profile, Treg may also display
a specific environment instructed profile, including e.g., expression of CD161 and IL-17 production, upregulation of Th1- and inflammation-associated markers and
chemokine receptors and/or characteristics of a Trm profile (4). These polarization profiles are not exclusive but rather are overlapping, depending on the specific local
conditions. Whereas, adapted Treg are functional, local cytokines produced by monocytes and fibroblasts also affect CD4+ and CD8* T-cells, in part by
hyper-phosphorylation of PKB/c-AKT, conferring resistance of local CD4+ and CD8™ T-cells to Treg suppression (5). Overall, the process of Treg adaptation in
inflammatory settings is highly influenced by the local environment, most likely starting with an expanding effector population that can be further fine-tuned with
environmental adaptations (6).
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not sufficient enough to downregulate this signaling pathway.
Blockade of TNFa can restore the susceptibility of CD4 and CD8
T-cells to suppression, which is in line with the effectiveness
of therapies targeting TNFa (99, 102). In IBD, resistance of
lamina propria T-cells to Treg-mediated suppression has been
described as well. In this setting high levels of Smad7, causing
insensitivity to TGFp, have been related to the resistance of
effector cells (103). Thus, impaired regulation of the local
immune response involves resistance of effector cells, possibly
despite functional Tregs.

Local T-Cell Clonal Expansion

When activated T-cells encounter their cognate antigen in
the context of co-stimulation and cytokines, specific clones
will expand to initiate a robust adaptive immune response. A
diverse repertoire of T-cell receptors (TCRs) of conventional T-
cells allows a response to a multitude of possible pathogens.
Also thymic derived Treg need a diverse TCR repertoire to
regulate auto-immune responses. The TCR repertoire of Treg,
representing only a small fraction of the total T-cell pool, is
equally diverse as the larger effector pool (104). The need for a
diverse (auto-antigen specific) TCR repertoire of Treg has been
illustrated by studies using transgenic mice with a restricted TCR
repertoire of Treg. In these models, a loss of tolerance toward
commensal bacteria and develop autoimmune diseases has been
observed (105-108).

At the site of human autoimmune inflammation in both
JIA and SLE, clonal T-cell expansions of CD41 T-cell, CD8"
T-cell and FOXP3™" Treg populations are found (43, 50, 89,
109, 110). Remarkably, especially Treg were found to be hyper-
expanded, and to express high levels of Ki67. It is possible that
dominant auto-antigens present at the affected sites induce this
proliferation (79, 89). Local TNFa can also act as a contributing
factor to Treg expansion, as TNFa induces Treg proliferation
and effector Treg differentiation via TNFR2 signaling [(111-114);
Mijnheer et al., unpublished data]. Since hyper-expanded Treg
clones were demonstrated to display a very distinct repertoire
compared to conventional CD4™ T-cells, local induction of Treg
from conventional T-cells is unlikely (89). Tissue resident Treg
also show a considerable oligoclonality regarding their TCR
repertoire, supporting the notion that tissue Treg and Treg
from the site of autoimmune inflammation share typical features
(115, 116) (Figure 1). Interestingly, in refractory JIA and JDM
patients undergoing hematopoietic stem cell transplantation the
TCR repertoire of circulating Treg prior to transplantation
was also found to be highly clonal. After transplantation, the
Treg TCR repertoire became more diverse over time, except
for one patient that experienced a relapse (117). These dates
suggest that Treg TCR repertoire abnormalities may contribute
to disease pathogenesis, possibly by limiting the chance of
antigen encounter, thereby being outcompeted by the less
restricted Teff.

Recent data from multiple affected joints in RA show that
total TCR repertoires are substantially overlapping (118). In JIA

patients, especially PD-1" CD8* T-cells were shown to have a
clonal repertoire, with a high overlap in dominant clones between
different affected joints (35, 62). The overlap may be explained
by the presence of common antigens that drive the disease at
multiple sites, and/or (re)circulation of dominant T-cell clones.
In affected kidneys of SLE patients expanded CD8" T-cells
clones were found to be present for years in sequential biopsies
(43), suggesting long-term persistence of dominant T-cell clones.
It is tempting to speculate that these dominant T-cell clones
play a role in disease relapses, but further studies are need to
conclude this.

CONCLUSION AND FUTURE
PERSPECTIVES

The expanding field of T-cells, including the discovery of
multiple Th subsets as well as observations of mixed phenotypes
in inflamed tissues, has made the classification of subsets
increasingly complex (5). This complexity, however, likely
represents human immunity that is continuously exposed to
multiple microorganisms and environmental conditions, in
contrast to highly controlled mouse models that have contributed
to most of the current knowledge (32, 119). A more nuanced view
on T-cells in tissues now arises, with fine-tuning of immune cells
to the local environment allowing tailored responses explaining
the observed diversity in phenotypes. When inflammation
becomes chronic this fine-tuning of T-cells might be unrestrained
or insufficient, and as a result cause or contribute to pathogenesis.
Potential determinants in this process could be the strength and
frequency of TCR stimulation, as well as the presence of absence
of CD4 help or co-stimulation, whereas local metabolites also
seem to be important. How this is regulated exactly, and what
the importance is of different factors remains to be answered,
as well as the question what is different in affected human
tissue in disease vs. healthy human tissue. The possibilities
of gaining new insight are enormous, with newly developed
high-throughput technologies that require only small numbers
of cells and that allow for analysis of rare T-cell populations
from small tissue samples. Single cell sequencing combined
with TCR sequencing and mass cytometry on whole tissues will
give a deeper understanding about the heterogeneity of T-cells
present in human autoimmunity. This, together with smart use
of patients samples, such as sequential sampling and sampling
from multiple affected sites, will provide novel insights and
undoubtedly improve the therapeutic options for patients with
rheumatic diseases.
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Juvenile-onset systemic sclerosis (jSSc) is a rare and severe autoimmune disease with
associated life-threatening organ inflammation and evidence of fibrosis. The organ
manifestations of [SSc resemble adult SSc, but with better outcomes and survival. The
etiology of jSSc appears to reflect adult-onset SSc, with similar inflammatory mediators
and autoantibodies, but with a significant population of children with uncharacterized
anti-nuclear antibodies. The genetics of patients with jSSc differ from women with SSc,
resembling instead the genes of adult males with SSc, with additional HLA genes uniquely
associated with childhood-onset disease. Current treatments are aimed at inhibiting
the inflammatory aspect of disease, but important mechanisms of fibrosis regulated
by dermal white adipose tissue dendritic cells may provide an avenue for targeting
and potentially reversing the fibrotic stage.

Keywords: systemic sclerosis, Pediatric Rheumatology, genetics, disease etiology, autoimmune disease, skin,
fibrosis

CLINICAL ASPECTS
General Demographics and Clinical Characteristics

Juvenile systemic sclerosis (jSSc) is a multisystem connective tissue disease characterized by skin
induration and widespread fibrosis of internal organs. The incidence has been reported at 0.27-0.50
per million children per year in the UK and Finland (1, 2), with a prevalence of 3 per million (3-5).
Less than 5% of SSc has an onset in childhood (6-8). As in adults, there are three main subtypes of
jSSc: diffuse cutaneous, limited cutaneous, and overlap (6, 9-12).

The onset of jSSc is usually insidious. Isolated Raynaud phenomenon is often the presenting
symptom along with positive antinuclear antibodies (ANA) and nailfold capillary changes. Months
or years later, tightening of the skin, especially of fingers and face, cutaneous telangiectasias and
symptoms related to internal organ involvement gradually develop [Table 1, (6, 9-13)].

Cutaneous changes characteristically evolve in a sequence beginning with oedema, followed
by induration and eventually atrophy. Nailfold capillary abnormalities are common, and include
capillary dropout, tortuous dilated loops, and occasionally distorted capillary architecture (14, 15).
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TABLE 1 | Clinical features of juvenile systemic sclerosis in comparison with
adult-onset systemic sclerosis*.

Juvenile SSc Adult-onset SSc

o *k 0l
Cutaneous 66-86 64-96
Sclerodactyly 46-84 52-90
Skin induration 64-86 77-96
Peripheral vascular 84-100 91-100
Raynaud’s phenomenon 84-100 91-100
Digital ulcers 29-50 22-41
Respiratory 36-55 44-64
Pulmonary arterial hypertension 2-13 14
Pulmonary fibrosis 9-26 22-36
Cardiovascular 5-18 11-25
Hypertension 3-8 11-17
Cardiac abnormalities 2-17 3-20
Musculoskeletal 31-42 48-71
Muscle weakness 20-32 16-27
Arthritis 10-35 15-17
Joint contracture 30-45 32-42
Tendon friction rubs 8-11 12-23
Gastrointestinal 42-74 56-78
Esophageal 24-60 65
Gastric 16-30 26
lleum-colon 10-15 10-22
Renal 3-5 2-13
Proteinuria 3-5 6
Renal crisis 0-4 2-13

*Cumulative data from references: (6, 9-13).
**During the overall disease course.

Musculoskeletal symptoms are common in jSSc and
characteristically occur at or near onset of the disease in
one-third of children (6, 13).

Gastrointestinal involvement affects 42-74% of patients, and
has been associated with interstitial lung disease, malnutrition,
and poor quality of life (6, 11, 13, 16). Although the esophagus
is often involved quite early, many patients are asymptomatic
and rarely present heartburn or dysphagia. Malabsorptive
diarrhea and delayed colonic transit, when present, reflect long-
standing disease.

Cardiopulmonary involvement is the leading cause of
morbidity and mortality in jSSc (17, 18). Cardiac inflammation
and fibrosis may lead to conduction defects, arrhythmias, and
impaired ventricular function. In the largest published study on
jSSc, cardiac involvement was found in 8.4% of cases at onset,
and in 24% during the overall course of disease (13). Cardiac
involvement, especially pericarditis, is a major prognostic factor
in jSSc, with a cardiac cause of death in 50% of deceased patients
in a large international case series (odds ratio 41.3) (17, 18).

Pulmonary artery hypertension occurs in a minority of jSSc
patients and, as in adults, may be either an isolated vascular

complication or a consequence of pulmonary fibrosis (6, 13).
Interstitial pulmonary fibrosis is reported in approximately one
of four children (11, 13). The kidney is rarely affected (1).

Morbidity and Survival

As compared with adults, children with jSSc have overall better
outcomes, related to a lower frequency of major visceral organ
involvement and lower mortality (6, 13, 17). During follow-
up, interstitial lung involvement, gastroesophageal dysmotility,
and renal involvement are significantly more common in adults,
while arthritis and muscle inflammation are more common in
children, because of the higher prevalence of the overlap form of
jSSc (3, 4, 6).

Morbidity is a major issue for jSSc, with most patients having
multi-organ manifestations. In a recent North American study (n
= 64 jSSc), 38% were found to have >4 organ systems involved,
likely associating with the findings that 36% of the jSSc patients
were found to have impaired function (ACR functional scores
>1), and 64% reported having pain in the prior week (11). Poorer
QOL scores were found to be associated with gastrointestinal
symptoms, arthritis and pulmonary diseases (19).

Data from the jSSc Pediatric Rheumatology European Society
registry reported a 5, 10, 15, and 20 years survival of 89, 87.4, 87 4,
and 82.5%, respectively—significantly better than in adult-onset
disease (17). Death in jSSc is usually related to the involvement
of cardiac, renal, and pulmonary systems (9, 17, 18). A small
subset of jSSc patients can have a rapidly progressive disease
course that leads to early death as 60% of deaths are within 5
years (13). A raised creatinine level, pericarditis, and signs of
fibrosis on chest X ray at diagnosis are potential risk factors
for early mortality, similar to adult-onset SSc (17). In contrast
to adult disease, however, malignancy is not an additional risk
factor in jSSc for mortality as it has not been associated with
i8Sc (9, 13, 20, 21).

Autoantibodies and Clinical Associations
Autoimmunity plays an important role in juvenile and adult SSc,
with a high prevalence of positive ANA and scleroderma-related
autoantibodies, which can further assist clinical characterization
and organ risk assessment as an adjunct to skin thickening
distribution assignment of limited or diffuse cutaneous (6, 11,
13, 22-24). For example, Anti-topoisomerase antibodies (ATA;
Scl-70) would be expected in a patient with diffuse cutaneous
SSc, and would be worrisome for rapid skin progression and
development of interstitial lung disease (ILD), prompting more
aggressive pulmonary monitoring (6, 13, 23).

ANA positivity is reported in 78-97% of patients in the
jSSc cohorts (6, 9-13), with scleroderma-associated antibodies
reflecting the majority of extractable nuclear antigens causing
ANA reactivity, such as ATA (Scl-70), centromere, and U1-RNP
as reported in adult SSc, but in divergent frequencies, mirroring
the slightly different clinical phenotype in children with SSc
(Table 2). Another observation is that a significant proportion of
jSSc patients, up to 23%, have a positive ANA without a specific
extractable nuclear antigen identified, which is rarely observed in
adults (6, 11, 13).
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TABLE 2 | Comparison between pediatric and adult-onset systemic sclerosis
(SSc) subtype and autoantibody distribution.

Pediatric-Onset Adult-Onset
SSc SSc

Clinical Subsets (%)

Diffuse cutaneous SSc 30-65 35-45

Limited cutaneous SSc 30-50 40-55

Overlap 10-39* 9-18
Antibody Positivity (%)

Antinuclear antibody 78-97 90-99

Anti-topoisomerase (ATA, Scl-70) 20-46 20-40
Anti-centromere (ACA) 2-15T 20-30
Anti-U1 ribonucleoprotein (U1-RNP) 15-20* 5

Anti-polymyositis-scleroderma (PM-Scl) 15* 5
RNA polymerase Ill (POL3) 2-41 10-30

*Significantly higher in pediatric onset SSc compared to adult-onset SSc group.
TSr‘gniﬁcant/y lower in pediatric onset SSc compared to adult-onset SSc group.
Boldface text highlights a difference between pediatric and adult SSc.

Pediatric Onset data from: juvenile SSc cohorts (6, 9-13).

Table2 shows the general distribution of SSc clinical
subtypes and the SSc-associated auto-antibodies in pediatric-
onset compared to adult SSc. The diffuse cutaneous SSc subtype
and associated ATA frequencies are similar between pediatric and
adult SSc. A higher proportion of overlap patients and associated
antibodies UI-RNP and PM-Scl was observed across several
jSSc cohorts (6, 9-12) and accounts for the relatively common
disease presentation in children of the combination of arthritis,
myositis, Raynaud phenomenon and digital ulcers (6). The jSSc
patients with overlap syndrome and associated antibodies (U1-
RNP, Pm-Scl, U3-RNP) that have myositis may be of the most
concern, as myopathy of the peripheral skeletal muscle is likely
related to cardiac skeletal myopathy, and these patients have been
demonstrated to have more conduction defects and other cardiac
manifestations, a major contributor to mortality (6, 12, 13, 18).

Another main difference from adults with SSc is the lack of
anti-centromere antibody-positive patients with jSSc (leg5% in
most cohorts) (6, 9-13, 25), especially with pre-pubertal patients
(<10 years at onset) (10). This is true despite ~30% to 50% of
patients with jSSc being clinically classified as limited cutaneous
SSc (Table 2). The relatively low rate of centromere antibodies
found in jSSc does not seem to correlate with pulmonary arterial
hypertension (PAH), as PAH is found with a similar frequency
in juvenile and adult SSc (Table 1) (6, 9-13, 23). Specifically, in
the Scalapino jSSc cohort manuscript (n =111, 4 with intrinsic
PAH) it was noted there was no association of ACA positivity
with manifestation of PAH (6).

There are several other SSc-related autoantibodies that
associate with different organ manifestations in adult SSc;
however, they are much less common in childhood onset SSc.
One of these is RNA polymerase III (POL3) antibody, which
relates to severe renal disease in the form of scleroderma renal
crisis in adult SSc. POL3 is rarely observed in jSSc (<5% in all
cohorts; 4 or fewer patients per cohort), but can be found in

up to 30% of adult onset SSc patients and reflects the clinically
significant higher proportion of renal disease in adult SSc (6, 23).
POL3 antibodies have also been associated with malignancy
in SSc, a clinical outcome not reported in jSSc (21). Some
of this data in jSSc is limited by the incomplete serological
testing of scleroderma-associated antibodies in children. A
more comprehensive evaluation for less common autoantibodies,
such as POL3 and Th/To, to complete the full scleroderma-
associated auto-antibody profile in jSSc cohorts may allow for
better disease characterization and allow for more significant
clinical associations.

GENETIC BASIS OF JUVENILE SYSTEMIC
SCLEROSIS

Evidence for a Genetic Contribution to jSSc
Although the etiology of SSc is undoubtedly multifactorial,
association studies have revealed immunoregulatory genes that
most likely contribute to the pathogenesis of disease. The genetic
risk factors appear to be lower for adult-onset SSc than for
other autoimmune diseases [reviewed recently in (26)]. Only one
study has examined history of autoimmunity in family members
of SSc patients, and found a rate of 11% for a first or second
degree relative of jSSc patients, suggesting that the disease is not
monogenic (13).

The concordance rate for adult-onset SSc in twins is low (5.6%
for dizygotic (DZ) twins and 4.2% for monozygotic (MZ) twins)
(27). However, the genetic predisposition for loss of immune
self-tolerance is high in families with SSc, with greatly increased
concordance for ANA in MZ twins (90%) compared with DZ
twins (40%) (27). Some of the discordance in disease penetrance
may be attributed to differential methylation of X-encoded genes
(28). A genetic contribution has also been suggested by reports of
familial clustering in three cohorts in which first degree relatives
of patients with SSc carried a 10-16-fold relative risk for disease
and siblings a 10-27-fold risk (29).

In families with more than one case of SSc, affected individuals
shared cutaneous subsets of disease severity and SSc-associated
autoantibodies, with similar ages of onset (30). Finally, gene
expression studies in cultured dermal fibroblasts suggest a
heritable profibrotic program. In this study, healthy adult-onset
MZ twins shared fibroblast gene expression patterns with their
twins with SSc, whereas gene expression in unaffected adult-onset
DZ twins resembled that of healthy controls (31). Moreover,
serum from SSc patients or MZ twins could induce a SSc gene
expression pattern in fibroblasts from healthy controls (31).

Peculiar Genetic Aspects of Juvenile SSc

Although numerous studies have investigated HLA associations
in adult SSc, age of onset has not generally been considered.
In pediatric studies, some HLA alleles found associated with
adult SSc have also been associated with jSSc (32). An initial
study in the UK examined HLA alleles in 27 patients with jSSc-
dermatomyositis overlap, demonstrated an increase of DQA1*05
and DRB1*03 and a trend toward decreased DRB1*15. This
finding was confirmed in a larger study of 76 Caucasian
patients with a mean onset of SSc onset at 10 years of age
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FIGURE 1 | Adipose-derived stromal cells (ADSC) maintenance by dendritic
cell-derived lymphotoxin in fibrotic skin and enhancing ADSC therapy with
lymphotoxin stimulation to treat fibrosis. (A) Reparative and regenerative
ADSCs are lost with skin fibrosis and are maintained in fibrotic skin by dendritic
cell-derived lymphotoxin. (B) Adding lymphotoxin stimulation to therapeutic
ADSC injection enhances survival and effectiveness of the injected ADSCs in
skin repair in a model of skin fibrosis. This model may be helpful to investigate
its potential application for the treatment of fibrosis.

in the US (25). Children with SSc did not have an increased
frequency of DRB1*01, which has been associated with adult
limited cutaneous SSc and ACA or HLA-DRB1*11 alleles, the
group most consistently described in association with SSc in
Caucasian adults.

One novel HLA association was discovered in jSSc patients:
DRB1*10. DRB1*10 appeared to be a risk factor specific for jSSc,
present in 10.5% of jSSc compared to 1.5% of controls, similar to
one report of adult Han Chinese, but not otherwise described in
adult SSc (33).

Protective HLA alleles in adult-onset SSc (DRB1*07,
DQB1*%02:02) were not found to be protective for jSSc. Instead,
DQB1*06 was protective for jSSc (25).

Age and Sex Matter
The frequency of the adult limited cutaneous SSc-associated allele
DRB1*01 differed in children with age of disease onset and
autoantibody status (25). DRB1*01 was less prevalent in patients
who were <6 years of age compared to patients 11-16 years
at disease onset. DRB1*01 was under-represented among anti-
topoisomerase 1 (ATA) -positive jSSc patients, consistent with a
similar observation reported in adult SSc (34). In this study, just
as the ATA-associated alleles decreased with age, the prevalence
of ATA significantly decreased with increasing age (25).

Thus, children with SSc genetically resemble adult
males with SSc, rather than the more prevalent women

with SSc, with an increase frequency of DQA1*05 but
not DRB1*11. This phenomenon could be explained by
pregnancy immunopathology. It has been hypothesized that
fetal microchimerism could trigger or perpetuate a graft-vs.
-host type chronic inflammatory response (35). Women with
SSc more often have been pregnant, and carry high levels of
fetal microchimerism, whereas males and children do not.
About 1 in 10 children with SSc carry an HLA allele not found
in adults with SSc (DRB1*10), suggesting a unique childhood
antigen trigger.

PATHOLOGY OF SYSTEMIC SCLEROSIS

Histology of the Skin in SSc

The histology of the skin reflects the main three pathways affected
in SSc, endothelial/vascular, immune/inflammatory, and fibrosis.
The epidermis is relatively spared, though may be thinned, and
rete ridges reduced. The dermis is thickened from the fibrosis
and the connective tissue appears homogenous from collagen
deposition. There is a loss of adnexal structures such as the
pilosebaceous and eccrine glands (36). There are also vascular
changes characterized by capillary rarefaction in the papillary
dermis, thickened arteriolar walls and intimal thickening (37,
38). There can be inflammatory infiltrates of lymphocytes and
macrophages, similar to that found in localized scleroderma (37),
though may limited to early disease in SSc.

The Role of the Adipocytes

The dermal alterations that are most often discussed are the
features that are apparent on a full thickness skin biopsy.
However, intrinsic to the dermis but sitting mainly under the
connective tissue-rich portions of the dermis and immediately
adjacent to subcutaneous adipose tissue in humans is the dermal
white adipose tissue (DWAT) (39). Fleishmajer et al. performed
excisional biopsies in SSc patients, sampling skin down to
the fascia, and thereby were able to characterize the DWAT
(36). They reported that DWAT was replaced by connective
tissue comprised of immature disorganized collagen fibrils and
massive ground substance. Interestingly, this loss of DWAT is
also observed in multiple murine models of scleroderma skin
fibrosis (40-42), and reflects at least in part transdifferentiation
of adipocytes into myofibroblasts (40, 41). Furthermore, this
DWAT loss can further compromise skin function, as adipocytes
can express anti-fibrotic molecules such as adiponectin and are
involved in hair regeneration. DWAT is a niche for regenerative
and reparative adipose-derived stromal cells (ADSCs) that
participate in wound healing (41, 43, 44).

Upon loss of DWAT in murine skin fibrosis models, there
is an 80% loss of ADSCs, likely due to cell death, which could
potentially contribute to the inability to reverse and heal the
fibrosis (42). Interestingly, dendritic cells helped to maintain the
survival of the remaining ADSCs in fibrotic skin, and stimulating
with the dendritic cell-derived signal lymphotoxin can enhance
the survival and therapeutic effectiveness of intradermally
injected ADSCs in a murine skin fibrosis model. ADSCs or a
related type of mesenchymal stromal cells (MSCs) given either
locally or systemically are being tested in human SSc (45);
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if clinical trials show efficacy of these approaches, it may be
helpful to investigate whether adding lymphotoxin beta receptor
stimulation can enhance these approaches (Figure 1).

CYTOKINE AND CELLULAR SIGNATURES

There have been multiple studies in adult SSc evaluating the
cellular and cytokine profiles of tissue and peripheral blood, with
only a few studies in jSSc owing to the rarity of disease in children.
Skin lesions in jSSc show lymphocytes as the predominant cell
type within the dermal and subcutaneous infiltrate (46, 47).

The lymphocytes have been further characterized, with T
lymphocytes (CD4 and CD8) as the predominant cell type
in the dermis of SSc patients (48, 49). T cell activation and
associated cytokine release are thought to play a pivotal role
in SSc pathogenesis through stimulating fibroblasts to promote
fibrosis (50-52). CD4+ T-helper (Th) cell lineage and its effector
cytokines have been identified in biopsies of skin lesions (48,
53, 54), peripheral circulation (adult and pediatric) (55-58) and
culture in supernatants of peripheral blood mononuclear cells
(PBMC) of SSc patients (59).

Ty cells consist of three main effector cell types including
Ty1, Ty2, and Ty 17; each are differentiation states characterized
by the predominant cytokines they produce, namely interferon-
vy (IFN-y), interleukin-4 (IL-4)/IL-13, and IL-17, respectively.
Many autoimmune diseases, including scleroderma, are thought
to be propagated by an imbalance of Ty cell subsets and their
associated cytokines (48, 53-57, 59-61).

There is an extensive amount of literature (mainly adult
studies) supporting a Ty2 cellular and associated cytokine
predominance in SSc, with peripheral blood and tissue derived
IL-4 and IL-13, and more recently identified Ty2 associated
cytokines, IL-33, IL-34, and IL-35 (62, 63), correlating with the
degree of skin and lung fibrosis and disease burden (50, 51, 57,
64-67). Both IL-4 and IL-13 are effector cytokines of the T2

lineage characterized as pro-fibrotic and anti-inflammatory due
to their respective actions as initiators of extracellular matrix
production and inhibitors of Ty 1 function (68).

Therefore, it is suspected that the T2 cytokine signature
in SSc supports the fibrotic component of the disease, with
peripheral cytokines serving as prognostic markers in SSc
patients (50, 51). A recent study analyzing 14 pediatric SSc
subjects compared to 24 healthy pediatric controls found a
significantly elevated proportion of circulating CD4+IL-4+
(TH2) cells in pediatric SSc, and notably 10 of the 14 subjects
had later stage disease (>2 years from onset) (58). Conversely,
although higher than pediatric LS, the Ty17 (CD4+IL-17+)
profile of these pediatric SSc patients was significantly lower than
pediatric healthy controls, perhaps reflecting their later stage of
disease (58).

Cytokines associated with a Tyl profile (IL-1, TNF-a, and
IFN-y) have been identified as elevated in the peripheral blood
of adult SSc patients compared to healthy controls, and their
levels decrease overtime signifying their elevation during the
earlier, active phase of the disease (69, 70). Specifically, the
IFN-y associated chemokines, IFN-inducible protein 10 (IP-
10/CXCL10) and monocyte chemoattractant protein 1 (MCP-
1/CCL2), have been demonstrated in more early, inflammatory
adult SSc (71) as well as preliminary data in jSSc (72). The
sera levels of jSSc are even more elevated than adult SSc
and reflect those of juvenile LS (73), which in general, is
considered the more inflammatory scleroderma subset. The
“hallmark” effector cytokine of Tyl17 cells, IL-17a, has been
demonstrated in significant amounts in the skin, lungs, and
sera of adult SSc patients during the early, more active, stages
of the disease (55). These findings suggest that Tyl7 and
Tyl cells may contribute to cellular inflammation in SSc via
production of associated pro-inflammatory cytokines (51) in the
earlier stage of disease, as hypothesized in the pediatric SSc
findings (58, 72).
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FIGURE 2 | Schematic representation of proposed disease pathogenesis of pediatric SSc.
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It is thought that these T cell-associated chemokines and
cytokines then stimulate fibroblasts and endothelial cells to
produce TGF-B and connective tissue growth factor (CTGF) to
stimulate tissue fibrosis (via increased collagen production) and
endothelial cell damage (via influence of adhesion molecules
ICAM-1 (intercellular adhesion molecule-1) and VCAM-1
(vascular cell adhesion molecule-1), with elevation of these
adhesion molecules demonstrated in the peripheral blood of SSc
patients (74-78).

The counterbalance to the inflammatory Ty cell phenotype,
the regulatory T cell (Treg) immunophenotype, has been recently
reported by Torok and Reiff in jSSc patients (58, 79), and
collectively demonstrate decrease in functional Tregs compared
to healthy controls, as well as association to more severe clinical
phenotype and longer disease duration. This could, in part,
be due to the differentiation of Tregs in the blood and skin
to proinflammatory (Ty17) and fibrotic (Ty2) cells, therefore
decreasing their frequency and effectiveness, as reported in adult
SSc (80, 81).

Although the focus has been more on lymphocytes, innate
cells such as macrophages and plasmacytoid dendritic cells are
becoming increasingly recognized as potential contributors to
systemic sclerosis, especially during early disease (42, 82-85).
In addition to directly stimulating fibroblasts, innate cells can
contribute to activating endothelial cells, which then further
recruits circulating cells into the tissue, fueling the inflammation
and further injury of the endothelium (86-88). While most
patient data is gathered from adult SSc patients, a recent
gene expression and expression quantitative trait loci analysis
of monocyte-derived macrophages generated from pediatric
and adult SSc patients suggested that changes in macrophage
gene expression is an important contributor to disease and
that upregulation of GSMDA, a regulator of pyroptosis in
macrophages but not other cell types, contributes to disease risk
(89). Further delineation of innate cell phenotype and function in
pediatric SSc awaits.

Figure2 summarizes, in a schematic way, the main
immunologic/genetic pathways involved in the pathogenesis of
the disease, in its different stages.
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