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A PD-1"8"CD4* T Cell Population With a Cytotoxic Phenotype
is Associated With Interstitial Lung Disease in Systemic
Sclerosis
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Objective. T cells contribute to tissue injury in systemic sclerosis (SSc), yet the specific T cell subsets expanded in
patients with SSc remain incompletely defined. Here we evaluated specific phenotypes and functions of peripheral
helper T (Tph) and follicular helper T (Tth) cells, which have been implicated in autoantibody production, and assessed
their associations with clinical features in a well-characterized cohort of patients with SSc.

Methods. Mass cytometry of T cells from peripheral blood mononuclear cells of patients with SSc and controls
were evaluated using t-distributed stochastic neighbor embedding visualization, biaxial gating, and marker expression
levels. Findings were validated with flow cytometry and in vitro assays.

Results. The frequencies of PD-1"9"CXCR5* Tth cells and PD-1"9"CXCR5~ Tph cells were similar in patients with
SSc and controls. t-distributed stochastic neighbor embedding visualization (tSNE) revealed distinct populations
within the PD-1"9"CXCR5™ cells distinguished by expression of HLA-DR and inducible costimulator (ICOS). Among
PD-1"M9"CXCR5™ cells, only the HLA-DR*ICOS™ cell population was expanded in patients with SSc. Cytometric
and RNA sequencing analyses indicated that these cells expressed cytotoxic rather than B cell helper features. HLA-
DR*ICOS™ PD-1"9"CXCR5~ cells were less potent in inducing B cell plasmablast differentiation and antibody
production than comparator T helper cell populations. HLA-DR*ICOS PD-1 hiShCXCR5~ cells were significantly
associated with the presence and severity of interstitial lung disease among patients with SSc.

Conclusion. Among PD-1"9"CXCR5™ T cells, a subset of HLA-DR*ICOS™ cells with cytotoxic features is specifi-
cally expanded in patients with SSc and is significantly associated with interstitial lung disease severity. This potential
cytotoxicity appearing in the CD4 T cell population can be evaluated as a prognostic disease biomarker in patients

with SSc.

INTRODUCTION

Systemic sclerosis (SSc) is an autoimmune disease charac-
terized by microvascular damage, autoantibody production, and
progressive multiorgan fibrosis associated with high morbidity
and decreased survival." Although skin thickening is often consid-
ered the hallmark clinical feature of this disorder, lung involvement
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is also common and is one of the main determinants of increased
mortality in SSc." Treatment and control of SSc is challenging
because the underlying disease process can be subclinical during
early phases, and no biomarkers are currently available to reliably
identify or quantify the extent of pathologic immune activation.

T cells have been suspected to be primary drivers of the
immune response that causes skin and lung injury in SSc, but
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the specific T cell subsets that are responsible for disease onset
or progression remain unclear.?® Affected tissue samples
obtained from patients with SSc show prominent infiltration of T
cells.*® Several studies have reported a perturbed repertoire of
specific CD4™ T cell subsets in the blood and lesional skin tissues,
including Th2 cells, Th17 cells, regulatory T cells, and cytotoxic
CD4* T cells.?78 Cytotoxic CD4 T cells accumulating in SSc skin
may directly target endothelial cells to induce microvascular injury
and promote tissue fibrosis.” B cell-T helper cells, including both
follicular helper T (Tfh) cells and peripheral helper T (Tph) cells,
have been recently associated with the SSc disease process.®'°
Tth cells, a subset of CD4 T cells often identified by
PD-1*CXCR5™" expression, are considered the principal T cell
population capable of stimulating B cell responses in secondary
lymphoid organs."" Tph cells, a CD4 T cell subset identified by
PD-1"S"CXCR5~ expression, participate in the stimulation,
recruitment, and activation of B cells in peripheral tissue and have
been implicated in several autoimmune diseases.'? Increases in
both circulating CXCR5™PD-1"CD4* T cells and Tfh cells have
been reported in SSc.® An independent study observed modest
increases in Tfh cells, but not Tph cells, in the circulation of
patients with early diffuse cutaneous SSc.'? Another investigation
identified an expanded T cell subset exhibiting a Tph cell pheno-
type, which included high expression of programmed death
1 (PD-1) and inducible costimulator (ICOS) without CXCR5
expression, in the circulation of patients with multiple autoimmune
diseases, including SSc, using mass cytometry. '3

Although Tfh cells can be readily identified by expression of
CXCR5, a chemokine receptor that promotes their migration into
lymphoid follicles, specific markers defining Tph cells are not well
established.” Most studies have differentiated Tfh and Tph
populations using their broader expression of PD-1 and the pres-
ence (Tfh) or absence (Tph) of CXCR5."® However, there is sub-
stantial heterogeneity in the surface phenotypes of both Tth and
Tph cells, including varied expressions of ICOS, HLA-DR, and T
cellimmunoreceptor with Ig and ITIM domains (TIGIT)." "6 These
markers may distinguish subpopulations that are functionally
distinct.

Here we have used high-dimensional mass cytometry to
quantify and conduct refined phenotyping of PD-1* T cells in a
large well-characterized cohort of patients with SSc. We identify
a population of PD-1""CXCR5"CD4* T cells that express
HLA-DR, but not ICOS, that is expanded in patients with SSc
and is significantly associated with the presence and severity of
interstitial lung disease (ILD). This population shows a cytotoxic
profile, in contrast to the phenotype typical of Tph cells, implicat-
ing a specific pathogenic function for this expanded T cell subset.

PATIENTS AND METHODS

Study participants. Peripheral blood mononuclear cell
(PBMC) samples were obtained from 67 patients with SSc

observed at the University of California, San Francisco (UCSF).
Additionally, PBMC samples were collected from 15 patients with
SSc and 18 healthy controls without a known autoimmune dis-
ease recruited from Brigham and Women’s Hospital (BWH). All
patients with SSc fulfilled the 2013 American College of Rheuma-
tology/EULAR criteria for SSc.'” Clinical assessment included
data on age at onset of Raynaud phenomenon, age at first non-
Raynaud phenomenon symptom, sex, race, smoking status,
SSc subtype (limited or diffuse), extent of cutaneous involvement
measured by the modified Rodnan skin thickness score (MRSS),
and autoantibody status. Presence of ILD was confirmed by
radiographic evidence of pulmonary fibrosis on high-resolution
computed tomography (HRCT) conducted in patients exhibiting
forced vital capacity (FVC) <80% or absolute decline of the FVC
(L) >10% over two consecutive assessments. Pulmonary arterial
hypertension (PAH) in the UCSF cohort was confirmed by right-
sided heart catheterization, with mean pulmonary artery pressure
(mPAP) >25 mm Hg, peripheral vascular resistance >3 Wood
units, and pulmonary capillary wedge pressure <15 mm Hg
(PAH definition current at the time of testing). Healthy controls
were screened for any evidence of autoimmune systemic disease,
neoplasm, or lung pathology.

Collection and processing of samples. Blood samples
were collected into lithium heparin tubes, and PBMCs were iso-
lated by density centrifugation using Ficoll-Hypaque in 50-mL
conical tubes. PBMCs were cryopreserved in 10% DMSO-
containing solution. Cryopreserved PBMCs were thawed into
complete culture media (RPMI 1640 Medium supplemented with
5% heat-inactivated fetal bovine serum, 1 mM GlutaMAX,
10 mM HEPES, and penicillin-streptomycin). Cells were counted,
and 0.2 x 108 to 2 x 10° cells from each sample were transferred
to a 96-well conical bottom polypropylene plate for staining.

Generation of mass cytometry data. After the cells
were transferred to the plate, the viability staining reagent cisplatin
with a dilution of 1:1,000 was added to the cells directly for two
minutes and then diluted with culture media. After centrifugation,
a human Fc receptor blocking agent was added at a 1:100 dilu-
tion with cell staining buffer for 10 minutes, followed by incubation
with metal conjugated antibodies for 30 minutes at room temper-
ature. Antibodies were obtained from the Harvard Medical Area
cytometry by time-of-flight mass spectrometry (CyTOF) Antibody
Resource and Core and Fluidigm. Cells were then fixed in 4%
paraformaldehyde for 10 minutes before permeabilization with
the FoxP3/Transcription Factor Staining Buffer Kit (eBioscience).
Cells were incubated in Transcription Factor Fix/Perm Buffer for
30 minutes before barcoding. Cells were then barcoded using
the Cell-ID 20-Plex Pd Barcoding kit (Fluidigm) and pooled
together into one tube. The metal conjugated intracellular anti-
body mix was then added into the tube, and cells were incubated
for 30 minutes. Cells were then fixed with 4% paraformaldehyde
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for 10 minutes and then washed out and resuspended in a cell
staining buffer and left at 4 °C overnight.

The next day, DNA was labeled for 20 minutes with iridium
intercalator solution (Fluidigm). Samples were washed and then
counted in the presence of EQ Four Element Calibration beads
at a final concentration of 1 x 10%/mL. Samples were acquired
on a Helios CyTOF Mass Cytometer. Mass cytometry data were
generated on PBMC samples from patients with SSc and healthy
controls using a 39-marker mass cytometry panel designed to
identify T cell subsets. The panel included markers of cell surface
and intracellular signaling proteins (Supplementary Table 1). Sam-
ples were processed in five batches, with 20 barcoded samples in
each batch. Patient samples were analyzed in barcoded batches,
with each batch randomized to include samples from both healthy
controls and patients with SSc with different degrees of lung
involvement (ILD, PAH, neither, or both). The raw flow cytometry
standard files were normalized together using bead standard nor-
malization to minimize batch effects and were debarcoded for
analysis.

RNA sequencing gene signature analysis. CD4 T cell-
specific cytotoxicity and Tfh gene signatures were composed of
genes identified in the studies by Hashimoto et al'® and Locci
et al,'® respectively (Supplementary Table 2). Gene signature
scores were calculated using the sum of the transcript per mis-
sion (TPM) expression of signature genes within each CD4 T cell
subset in individual samples, and the Z score is depicted. Paired
t-tests were used to compare signature scores among T cell
subsets.

T and B cell cocultures. Total B cells and CD4™ T cells
were isolated from PBMCs using negative selection (Miltenyi Bio-
tec). B cells were stained with CD14-APC, CD3-FITC,
CD27-Bv421, and CD19-PE. T cells were stained with ICOS
PE-Cy7, HLA-DR PE, CD4 APC, PD-1 BV421, CD45RA BV510,
and CXCR5 BV605 (BioLegend). Memory B cells were sorted as
CD14~CD3°CD19*CD27* cels on a BD FACSAria Fusion
flow cytometry cell sorter. CD4 T cells were sorted as
PD-1"CXCR5 PD-1""CXCR5* (Tfh), PD-1""CXCR5 HLA-
DR*ICOS* (“double positive™), PD-1"9" CXCR5~ HLA-DR*
ICOS™ (“HLA-DR only”), PD-1"9"CXCR5 HLA-DR1COS™
(“double negative”), and PD-1"9"CXCR5 HLA-DRTICOS*
(“I1COS only”). Sorted T cell populations were cocultured with
memory B cells at a ratio of 1:10 with 5,000 cells of each T cell
subset and 45,000 B cells in a 96-well plate in the presence of
Staphylococcal Enterotoxin B (SEB) (1 ug/mL) for five days. Cells
were collected and analyzed by flow cytometry. Total IgG and
IgM in culture supernatant were quantified by enzyme-linked
immunosorbent assay (ELISA).

Flow cytometry. Cells from T and B cell cocultures were
then stained with CD4-FITC, CD20-BV605, CD19-ACP-Cy7,

CD27-PECy7, CD38-PerCPCy5.5, CD138-APC, CD11c-PE, IgD-
BV421, and Live/Dead-BV510. Data were acquired on a BD For-
tessa analyzer using FACSDiva software and analyzed using
FlowJo. The percentage of plasmablasts (CD19*CD38""CD27+)
among B cells was calculated from cocultures using each CD4 T
cell population isolated. To validate the findings from mass cytome-
try, PBMC samples from 21 patients with SSc and 10 noninflamma-
tory controls were stained with a flow cytometry panel to evaluate
the expression of granzymes and perforin in CD4 T cells. Total
PBMC samples from patients with SSc were incubated with Fixable
Aqua Dead-BV510, CDG-AF700, CD8-BV650, CD4-BUV737,
SLAMF7-BV786, Perforin-BV711, Granzyme A-APC, Granzyme
B-FITC, Granzyme K-PerCPCy5.5, HLA-DR-PE, CXCR5-BV605,
ICOS APC-Cy7, and PD-1-Bv421.

Data analysis. Nonviable cells and CD14* monocytes
were excluded to gate on CD45R0O* memory CD4 T cells. The
DNA™ gate was adjusted for each batch separately, and then line-
age gating was uniformly applied to all batches. Gating for cell fre-
quencies and marker expression were performed using
FlowJo10. Eleven samples with live cell counts of <10,000 were
excluded from the final analysis. Surface marker expression was
quantified for all proteins in the panel on PD-1"9"CXCR5~ and
PD-1"9"CXCR5* cells comparing patients with SSc and controls
using the Mann-Whitney U-test. Resulting P values were adjusted
for multiple testing using Bonferroni correction. Expanded
markers were considered significant if the adjusted P value was
less than 0.05. Associations between expanded cell population
and lung disease metrics were assessed by Spearman correla-
tion. Paired analysis across multiple conditions was performed
using Friedman’s test.

RESULTS

Patient population. Demographic data, clinical character-
istics, and baseline pulmonary function test (PFT) variables are
summarized in Table 1. UCSF patients were mostly White (60%)
middle aged (mean + SD 55 + 12.3 years, range 43-61 years)
women (91%) exhibiting the limited cutaneous phenotype (63%).
ILD was present in 43 (65%) study participants, and PAH was
present in 15 (22%) study participants. Patients with SSc
recruited at BWH (n = 15) exhibited similar features, except they
were slightly older (mean + SD 62.3 + 10.4 years, range 52-72
years) and had baseline lung volumes indicative of less severe
restrictive physiology (mean + SD FVC predicted 75.7% =+
23.1% vs 84.4% + 19.3%, respectively).

Expansion of a specific PD-1"8"CXCR5°CD4" T cell
subpopulation in patients with SSc. We first analyzed mass
cytometry data on PBMC samples from 72 patients with SSc
and 18 healthy controls with a focus on the CD4 T cell pheno-
types. Of note, there were no significant differences in the
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Table 1. Demographics and clinical characteristics of patients with SSc from the UCSF and BWH cohorts and

healthy controls from the BWH cohort*

Characteristics UCSF SSc (n =67) BWH SSc (n = 15) BWH controls (n = 18)
Age, mean + SD, y 55+123 62.3+104 46+ 15
Female, n (%) 61 (91) 12 (80) 14.(78)
Race, n (%)
White 40 (60) 9 (60) 8 (44)
Hispanic 5(7.4) 1(6.7) 4(22)
Black 8(12) 0(0) 4(22)
Asian 9(13) 1(6.7) 1(5.6)
Other 5(7.4) 4(26.7) 1(5.6)
Smoking status, n (%)
Never 52 (77.6) 11(73)
Current 0 (0) 0(0)
Past 15(22.4) 4(26.7)
BMI, mean + SD 238+43 246 +4.9
FEV4, mean + SD, L 21+06 23+05
FEV;, mean + SD, % predicted 77.7 £29.3 87+175
FVC, mean + SD, L 26+08 27+07
FVC, mean + SD, % predicted 75.7 +23.1 84.4+193
FEV4/FVC ratio, mean + SD 802+74 75.6+259
DLco, mean = SD, % predicted 44 +22.4 543+213
eRVSP, mean + SD, mm Hg 30.8 £15.1 292+134
MRSS, mean + SD 54+52 N/A
PAH, n (%) 15(22) 5(33)
ILD, n (%) 43 (64) 10 (66.7)
SSc subtype, n (%)
Limited 42 (63) 8(53)
DLcopp 33(78) 5(63)
Diffuse 25(37) 7 (46)
DLcopp 19 (76) 5(71)
ILD severity, n (%)
Mild (0) 34 (50) 6 (40)
Moderate (1) 20(30) 4(27)
Severe (2) 13(19) 1(6)
SSc duration, mean + SD, y
RP onset 13.6+£94 N/A
First non-RP symptom 105+7.3 N/A
Autoantibody status, n
ANA 66 15
ACA 21 6
RNAP3 6 1
Scl-70 18 5
U1-RNP 8 2
Current immunosuppression, n
Azathioprine 3 0
Hydroxychloroquine 5 1
Mycophenolate mofetil 29 9
Methotrexate 3 1
Rituximab 2 1
Cyclophosphamide 0 0

*ILD severity: mild (0) = FVCppstand >75%; moderate (1) = FVCppstand >55% and <75%; severe (2) = FVCppstand
< 55. ACA, anticentromere antibody; ANA, antinuclear antibody; BMI, body mass index; BWH, Brigham and
Women's Hospital; DLco, diffusing capacity for carbon monoxide; DLcopp. Reduced DLco (<75%); eRVSP, estimated
right ventricular systolic pressure; FEV,, forced expiratory volume in 1 second; FVC, forced vital capacity;
FVCppstand, forced vital capacity percent predicted standardized; ILD, interstitial lung disease; MRSS, modified
Rodnan skin thickness score; N/A, data not available; PAH, pulmonary arterial hypertension; RNAP3, RNA polymer-
ase 3 antibody; RP, Raynaud's Phenomenon; SSc, systemic sclerosis; UCSF, University of California, San Francisco.

proportions of CD3™ T cells among live PBMC samples between
the two groups (Supplementary Figure 1). For analyses of CD4 T
cell populations, DNA* viable cells were gated as CD3* and
CD4" T cells, and CD14* monocytes were excluded. The fre-
quencies of CD4* and CD8" cells among T cell subsets were

not altered in patients with SSc compared to controls in our
cohort (P = 0.15 and P = 0.19, respectively; Figure 1A)."" The
frequencies of PD-1"9"CXCR5~ cells, representing candidate
Tph cells, and PD-1""CXCR5* cells, representing Tth cells,
within the memory CD4* T cell pool were quantified by manual
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Figure 1.

In patients with SSc, the PD-1"9"CXCR5~CD4 T cell subset shows enrichment for CD38 and HLA-DR expression. (A) Quantification

of CD4* and CD8" T cells in patients with SSc compared with HCs using mass cytometry data. (B) Example of gating of PD-1"9"CXCR5~ and PD-
1M9"CXCR5" CD4 T cell subsets. Frequency of PD-1""GXCR5~ and PD-1"9"GXCR5" CD4 T cells in patients with SSc and HCs. (C) Heatmap of
row-normalized expression of the selected markers from the mass cytometry panel. Expression of the markers is shown in PD-1"9"CXCR5-CD4
and PD-1"9"CXCR5*CD4 T cells in patients with SSc compared with HCs. HLA-DR and CD38 are significantly differentially expressed in PD-
1MSNCXCR5™ cells in patients with SSc compared to HCs. (D) Quantification of expression of CD38 and HLA-DR in PD-1"9"CXCR5~ and PD-
1MeNCXCR5* CD4 T cells. Comparisons were made using the Mann-Whitney U-test. Bonferroni correction was applied in panel C. *P < 0.05;
P < 0.01; *P < 0.001. HC, healthy control; ns, nonsignificant; SSc, systemic sclerosis.

gating, with uniform gates applied across all analyzable samples.
Neither PD-1"9"CXCR5~ nor PD-1"9"CXCR5*CD4* T cells
were enriched in patients with SSc compared to controls
(Figure 1B). We then explored whether there were phenotypic
differences in PD-1"9"CXCR5~ or PD-1"9"CXCR5*CD4* T cells
in patients with SSc compared with controls. A broad analysis of
the surface markers in the panel was performed, excluding the
lineage markers (CD3, CD4, CD8, CD14, and CD45R0O)
(Figure 1C). The mean expressions of CD38 and HLA-DR on
PD-1MI"CXCR5™ cells were significantly higher in patients with

SSc compared to controls (CD38 1.5 vs 2.7, P = 0.01; HLA-
DR 2.5vs 4.2, P = 0.03). Evaluation of PD-1"9"CXCR5* Tfh cells
did not identify differentially expressed surface proteins
(Figure 1D).

Previous studies conducted on patients with rheumatoid
arthritis (RA) and patients with systemic lupus erythematosus
(SLE) have highlighted the expression of HLA-DR and ICOS on
Tph cells'*2% therefore, we evaluated patterns of expression of
these molecules on circulating T cells from patients with SSc.
Dimensional reduction and visualization by t-distributed
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using Mann-Whitney U-tests. *P < 0.05; **P < 0.01. HC, healthy control; ns, nonsignificant; SSc, systemic sclerosis; tSNE, t-distributed stochastic

neighbor embedding.

stochastic neighbor embedding revealed partially overlapping
expression of HLA-DR and ICOS and highlighted CD38 expres-
sion among CD45R0O*CD4 T cells, indicating a heterogeneity of
marker expression (Figure 2A). HLA-DR expression is preferen-
tially expressed on CXCR5™ T cells, as minimal HLA-DR expres-
sion was observed in CXCR5* T cells. ICOS showed variable
expression in both PD-1"9"CXCR5~ cells and PD-1"9"CXCR5*
cells (Figure 2A). We next used biaxial gating to quantify the per-
centage of PD-1"9"CXCR5™ T cell populations with expression
of these markers. Consistent with expression analyses, there
was an increase in the proportion of PD-1"9"CXCR5™ cells that
expressed HLA-DR (P = 0.02) or CD38 (P = 0.04) in patients with
SSc compared to controls (Figure 2B and C). In contrast, the fre-
quency of PD-1"8"CXCR5~ that expressed ICOS was not altered
in patients with SSc (Figure 2D). Analysis of HLA-DR and ICOS

expression on PD-1""CXCR5™~ cells revealed that cells with
increased expression of HLA-DR but low expression of ICOS
(HLA'DR*ICOS™) (P =0.003) were significantly increased in
patients with SSc (Figure 2E), whereas the frequency of cells
coexpressing HLA-DR and ICOS was not altered in patients with
SSc (Figure 2E). ICOS showed a broad, continuous range of
expression in both PD-1"9"CXCR5™ cells and PD-1"9"CXCR5*
cells (Supplementary Figure 2). Hence, a high-dimensional analy-
sis of potential Tth and Tph cells revealed a selective expansion
of PD-1"9"CXCR5~ HLA-DR*ICOS™ T cells in the circulation of
patients with SSc.

PD-1"8"CXCR5'HLA-DR'CD4"  cells  exhibiting
cytotoxic rather than Tfh-like phenotype. The CD4*PD-
1M9hCXCR5™ population contains Tph cells, which are known as
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B cell-T helper cells; yet, B cell-T helper lymphocytes, which may have a function other than providing help to B cells. To gain
include both Tph and Tth cells, typically express ICOS." The lack insight into alternative functions of this T cell subset, we first
of ICOS expression suggested the possibility that the PD-1"9"" explored the expression of other cellular markers in the mass

CXCR5 HLA-DR* population expanded in patients with SSc cytometry panel on PD-1"9"CXCR5~ T cells divided into

A Mass Cytometry: sorted subsets from SSc
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subpopulations based on the presence of HLA-DR and ICOS.
PD-1M9I"CXCR5 HLA-DR*ICOS™ cells displayed selective eleva-
tion of a set of surface proteins including CD57 and CX3CR1,
suggestive of a cytotoxic T cell phenotype (Figure 3A).2"22 In con-
trast, other transcription factors, including FoxP3 and GATA-3,
did not show statistically significant differences, and T-bet expres-
sion was significantly lower in patients with SSc (Figure 3A);
hence, we chose not to focus on these transcription factors in
our analyses.

To further define the features of this subset, we interrogated
a previously reported RNA sequencing data set on PD-
1MSNCXCR5™ cells sorted from blood samples of patients with
RA, which were similarly divided into subpopulations based on
HLA-DR and ICOS expression.' This analysis showed that
HLA-DR*ICOS™ cells expressed the highest levels of
cytotoxicity-associated genes, including GZMA, GZMH,
SLAMF7, FGFBP2, NKG7, and PRF1, whereas their expression
of CXCL13, a B cell chemoattractant characteristically expressed
by Tph and Tth cells, was relatively low (Figure 3B). To analyze
more comprehensively the cytotoxic potential of HLA-DR*ICOS™
cells compared with other subsets, we then applied a CD4 T
cell-specific cytotoxic gene signature'® to this RNA sequencing
data set and found that HLA-DR*ICOS™ cells exhibit an
enhanced cytotoxic signature compared with other PD-
1MINCXCR5™ populations (Figure 3C and Supplementary Table 2).
Intriguingly, this population also showed a decreased Tth signa-
ture compared with the PD-1"9"CXCR57ICOS* subset
(Supplementary Figure 3 and Supplementary Table 2). Next, we
conducted flow cytometry analysis in PBMC samples obtained
from a subset of the patients with SSc and healthy controls
included in the mass cytometry cohort to explore levels of
expression of granzyme A and granzyme B, serine proteases
that are released by cytotoxic T cells and induce cell death.?®
HLA-DR*ICOS™ cells showed increased mean expression of
granzyme A and granzyme B compared with other CD4 T cell
subsets (Figure 3D). Together, these results indicate that the
PD-1*"CXCR5 " HLA-DR*ICOS™ subset expanded in SSc patients
carry a cytotoxic rather than a B cell helper phenotype.

Functional assessment of PD-1"8"CXCR5 HLA-
DR*ICOS™CD4" T cell population. To further explore the func-
tional properties of this T cell population, we performed in vitro T
celland B cell coculture assays to test B cell helper function of dif-
ferent PD-1"9"CD4 T cell subsets sorted from blood
samples obtained from either controls (n = 11) or patients with
SSc (n = 4). PD-1"CXCR5* (Tth) cells effectively induced differen-
tiation of memory B cells into CD38"9"CD27* plasmablasts
(Figure 4A). Among PD-1"9"CXCR5~ cells, the HLA-DRTICOS~
population showed similar activity to Tth cells. In contrast, the
HLA-DR*ICOS™ subset exhibited, on average, the weakest ability
to prompt plasmablast differentiation (Figure 4A). Moreover,
quantification of Igs in coculture supernatants revealed that Tfh

and PD-1""CXCR5 HLA-DRICOS™ cells stimulated the highest
IgM and IgG production, whereas PD-1"9"CXCR5 HLA-DR*
cells, with or without ICOS expression, stimulated the lowest pro-
duction (Figure 4B). Of interest, the samples from patients with
SScinduced greater B cell production of IgG and IgM in coculture
experiments across all T cell subsets compared to controls,
although the HLA-DR*ICOS™CD4 T cell subset continued to
show a reduced ability to induce IgG and IgM production across
the patient and control samples (Figure 4B).

It is possible that the HLA-DR*ICOS™ population could still
be associated with B cell helper function in vivo despite limited
helper function in vitro. In patients with RA and patients with
SLE, the number of circulating Tph cells is positively correlated
with circulating CD11c* age-associated B cells (ABCs), in line
with their function as B cell helpers.2® We therefore reasoned
that if the HLA-DR*ICOS™ subset of PD-1"9"CXCR5~ cells
was also exerting a B cell helper function, the abundance of
these cells might also be positively correlated with the abun-
dance of CD11c™ ABCs. Using the mass cytometry data
obtained from our cohort of patients with SSc, we quantified
CD11c*T-bet* ABCs among circulating CD20* B cells
(Figure 4C). Although CD11c* B cells were not expanded in
patients with SSc compared to healthy controls (Figure 4D),
the frequency of CD11c*T-bett ABCs and PD-1M9"
CXCR5 HLA-DR*ICOS™ T cells was positively associated (r =
0.49, P < 0.0001). In contrast, no significant correlation was found
between ABCs and the HLA-DR*ICOS™ population (r = 0.22, P =
0.065) (Figure 4E). Taken together, the weak B cell helper function
in vitro and lack of correlation with ABCs in vivo suggest that the
PD-1"9"CXCR5 HLA-DR*ICOSCD4* T cell population expanded
in patients with SSc performs functions other than providing B
cell help.

PD-1"8"CXCR5HLA-DR ICOS™ T cell subset and
SSc-ILD. Finally, we assessed whether this expanded CD4 sub-
set was associated with any SSc clinical feature. No significant
association was seen between the HLA-DR*ICOS™ subset fre-
quency and age (P = 0.24), sex (P = 0.37), body mass index
(P =0.89), race (P = 0.78), MRSS (P = 0.42), or prescriptions of
immunosuppressants (P = 0.44). PD-1"9"CXCR5 HLA-DR*I-
COS™ cells were selectively expanded in patients with SSc-ILD
compared with those without ILD (P = 0.02) or healthy controls
(P = 0.001) (Figure 5A). This association of DR*ICOS™ cells with
ILD remains significant when adjusted for SSc subtype (limited
vs diffuse) (P = 0.014). In addition, the frequency of the HLA-
DR*ICOS™ population was significantly higher in study partici-
pants with SSc with more severe ILD (P = 0.017) (Figure 5B). Con-
sistent with this observation, levels of circulating HLA-
DR*ICOS™PD-1"9"CXCR5"CD4" T cells showed a weak inverse
correlation with both FVC (predicted FVC percentage r = —0.34,
P = 0.0043) and diffusing capacity for carbon monoxide (DLco)
(predicted DLco percentage r = —0.25, P = 0.038) (Figure 5C). In
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contrast, PD-1"9"CXCR5*Tth cells showed a weak positive asso-
ciation with FVC (r = 0.31, P = 0.0098) (Figure 5D), and our analy-
ses indicate that there is not a significant correlation of PD-
1MINCXCR5-HLA-DR*ICOS™ cell numbers with the measured
lung parameters (Supplementary Figure 4). No association with
estimated right ventricular systolic pressure was detected.

DISCUSSION

In this study, we identify a CD4 T cell subset with unique PD-
1M9hCXCR5™HLA-DR*ICOS™ phenotype that is expanded in
peripheral blood samples of patients with SSc and is associated
with the presence and severity of ILD. Our analyses revealed
that neither Tfh cells nor the broader group of CD4" cells
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(D) Frequencies of PD-1"9"CXCR5* T cells with respect to FVC (n = 71; P = 0.009, rs = 0.31) or DLco (n = 71; P = 0.227, rs = 0.15) as indicated.
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characterized by CXCR57PD-1"" expression, which encom-
passes Tph cells, were significantly expanded in this cohort of
patients with established SSc compared to controls. Rather, a
specific PD-1"9" subpopulation that expresses HLA-DR but
lacks ICOS was selectively associated with SSc-ILD. This popula-
tion lacked a transcriptomic signature indicative of B cell helper
function as would be expected for Tph and Tth cells and instead
expressed gene and/or protein programs associated with cyto-
toxicity.%* These results provide a key insight in helping to dissect
the heterogeneity among PD-1* T cells in the circulation and sug-
gest that HLA-DR*ICOS™ cells within the PD-1"9" gate carry a
cytotoxic rather than a B cell-T helper cell phenotype.

Recent work has suggested an increase in CXCR5™PD-1*
cells in patients with SSc compared to healthy controls.® How-
ever, in this study, the detection of an expanded CD4 population
with a cytotoxic phenotype and its association with presence
and severity of ILD support the possibility highlighted by other
studies that cytotoxic CD4 T cells may play a significant role in
SSc immunopathogenesis.”2° In fact, evidence has been

provided that cytotoxic CD4 T cells, marked by expression of
SLAMF7, are increased in the skin of patients with SSc with early
diffuse disease.”'? In particular, granzyme A-positive cytotoxic
CDA4 T cells infiltrating the skin of patients with SSc exhibit the abil-
ity to target endothelial cells and induce microvascular injury.'?
The extent to which the PD-1"9"CXCR5 HLA-DR*ICOS™ cells
overlap with this cytotoxic population defined by SLAMF7 is not
yet clear; however, we expect that these cell populations likely
exhibit similar functional properties. Future studies tracking T cell
populations using T cell receptor repertoire sequencing may help
clarify the clonal and developmental relationships among these
cell populations with varied surface phenotypes.

Previous work has shown an association of skin-derived
PD-1*CXCR57/CXCL13*CD4 T cells with SSc-ILD.* In our
SSc cohort, the frequency of circulating PD-1"9"CXCR5~HLA-
DR*ICOS™CD4 T cells is higher in patients with ILD and more
severe lung disease and is inversely associated with the lung func-
tion measured by both FVC or DLco. We acknowledge that the
cross-sectional design of our study limits our ability to draw
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further inferences about the clinical usefulness of this cellular sub-
set as a biomarker. Future prospective studies will define with
greater precision whether PD-1""CXCR5"HLA-DR*ICOS~CD4
T cells can reliably predict activity and progression of SSc-ILD as
well as response to therapy. Other limitations of our study include
demographic variability (ie, age, sex, and race) between the
healthy controls and the SSc cohorts as well as broad
differences in treatment regimens among patients. In addition,
despite multiple attempts, technical limitations have not
allowed us to successfully perform cytotoxicity functional
assays. Therefore, to confirm the cytotoxic phenotype of PD-
1MINCXCR5™HLA-DRICOS™CD4 T cells, we used specific
markers such as granzyme A and B as shown in other studies
investigating polyclonal CD4 T cell populations. Whether these
cytotoxic-appearing CD4 T cells are implicated in the initiation or
progression of SSc-ILD remains to be investigated. Studies are
ongoing to determine to what extent these PD-1M9"
CXCR5™HLA-DR*ICOS™ CD4 T cells are present in affected SSc
target tissues (ie, skin or explanted lungs) and their spatial rela-
tionship with key cellular components.

In conclusion, we found that a PD-1"9"CXCR57ICOS™HLA-
DR* cell population with a cytotoxic phenotype is expanded in
the circulation of patients with SSc with ILD and more severe lung
disease. This study provides a valuable example of the potential of
high-throughput mass cytometry immunoprofiling to discover cell
phenotypes specifically associated with unique disease features.
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