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SUMMARY

CD69+CD103+ tissue-resident memory T (Try) cells are important drivers of inflammation. To decipher their
role in inflammatory arthritis, we apply single-cell, high-dimensional profiling to T cells from the joints of pa-
tients with psoriatic arthritis (PsA) or rheumatoid arthritis (RA). We identify three groups of synovial
CD8+CD69+CD103+ Trpy cells: cytotoxic and regulatory T (Treg)-like Tgym cells are present in both PsA and
RA, while CD161+CCR6+ type 17-like Trm cells with a pro-inflammatory cytokine profile (IL-17A+TNFo+
IFNy+) are specifically enriched in PsA. In contrast, only one population of CD4+CD69+CD103+ Tgry cells
is detected and at similarly low frequencies in both diseases. Type 17-like CD8+ Try cells have a distinct tran-
scriptomic signature and a polyclonal, but distinct, TCR repertoire. Type 17-like cells are also enriched in
CD8+CD103— T cells in PsA compared with RA. These findings illustrate differences in the immunopathology

of PsA and RA, with a particular enrichment for type 17 CD8+ T cells in the PsA joint.

INTRODUCTION

Psoriatic arthritis (PsA) and rheumatoid arthritis (RA) are the
most common types of inflammatory arthritis, and
they frequently cause significant disability and reduction in
quality of life." Inflammation of the synovial joints is a key
characteristic of both diseases; however, PsA and RA have
marked differences in serology and genetic associations
and show different responses to targeted therapies.' Despite
major improvements in effective therapies, both diseases
run a chronic course with recurrent disease flares and low fre-
quencies of drug-free prolonged remission states. It is not
known why inflammation specifically affects the joints or per-
sists despite current therapies suppressing inflammatory
pathways. Ciritically, there are no current treatments that
specifically target cells that reside only in the inflamed
tissue. Improved knowledge of the cells or factors that
drive chronic joint inflammation would create a novel
basis for moving toward joint targeted treatments to stop

uuuuu

development or progression of arthritis by inhibiting pathways
that drive persistent disease.

The recent identification of a functional T cell subset, called tis-
sue-resident memory T cells (Trym cells), may provide key in-
sights into mechanisms driving chronic immune-mediated in-
flammatory diseases.”™ Tgw cells, typically identified by
expression of CD69 and/or CD103, are a specialized subset of
effector T cells that provide tissue-specific immune surveil-
lance.?*® Most Tgy cells remain permanently in the tissue and
do not recirculate in the blood. However, recent studies have
shown that a small proportion of Try cells can exit the tissues
and persist in the blood, seed in distant tissues or lymph nodes,
or trans-differentiate into other memory subsets.”~'° While most
previous studies have focused on CD8+ Tgry cells, these cells
exist in both the CD4+ and CD8+ T cell compartment.’'~"®
They are mainly located in epithelial tissues such as skin, lung,
and gut, where it is proposed they protect against infection
and cancer but may also contribute to chronic inflamma-
tion."" 21417 Accumulating evidence indicates that Ty cells
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Table 1. Demographic and clinical parameters of patients with PsA and RA included for CyTOF and scRNA-seq

Patients included for CyTOF

Patients included for scRNA-seq

PsA(n=7) RA (n=5) PsA
Male/female 4/3 1/4 2/2
Age (years, mean + SD) 42 + 15 57 +14 36 +9.7
Disease duration (years, mean + SD) 11 +8.3 7.7+4.2 8.6 +7.1
DAS28 6.4+13(n=2) 47+13(n=5) 54+0(n=1)
Rheumatoid factor/ACPA+ (%) 0 60 0
Medication nil (n = 1); NSAIDs (n = 1); nil (n = 2); MTX/Pred nil (n =1); Pred (n = 1);

1
Pred (n = 3); MTX (n = 2);
MTX/naproxen (n = 1)

(n=1); SSZ (n=2) MTX (n = 2)

No significant bias or association due to patient clinical parameters, sex/gender, age, disease duration, or treatment strategy was observed in the data
analysis. ACPA, anti-citrullinated protein antibody; DAS28, disease activity score in 28 joints; MTX, methotrexate; NSAIDs, non-steroidal anti-inflam-
matory drugs; Pred, prednisolone; SD, standard deviation; SSZ, sulfasalazine.

are present in the inflamed joints of patients with PsA, RA, and
juvenile idiopathic arthritis, where they may drive chronic inflam-
mation and disease flares.'® 22

In humans, Try cells share a core transcriptional signature
including upregulation of extracellular molecules that facilitate
tissue retention (CD103, CXCR6, CD49a, and CRTAM), inhibitory
receptors (PD-1 and CTLA4), and cytokines (IFNy, IL-2, IL-17A,
and IL-10), downregulation of extracellular molecules required
for tissue egress (CD62L and S1PR1), and low basal prolifera-
tion." Despite this shared signature, Ty cells are heteroge-
neous and can differ both within and between tissues. In human
skin, for instance, CD49a expression differentiates two function-
ally distinct Tgy cells: cytotoxic or IL-17-producing.’* Further-
more, the conditions required for the differentiation and mainte-
nance of Try cells can differ between tissues, as shown by
evidence that transforming growth factor B (TGFB) signaling is
required for murine skin but not liver Try cells.”

Here, we investigated the hypothesis that Ty cells are pre-
sent in the inflamed joints of patients with inflammatory arthritis
but that these cells are numerically, phenotypically, and/or
functionally different between PsA and RA. Using high-dimen-
sional profiing (CyTOF and single-cell RNA sequencing
[scRNA-seq]), we performed quantitative and qualitative anal-
ysis of synovial fluid CD8+ and CD4+ CD69+CD103+ Tgry cells
from patients with PsA or RA. We identified one population of
synovial CD4+CD69+CD103+ Trym cells, which were present
at similarly low frequencies in both PsA and RA. In contrast,
multiple distinct populations of CD8+CD69+CD103+ Try cells
were found enriched in PsA. In particular, an enrichment of
type 17-like cells was found among CD8+CD103+ Tgry cells
as well as among CD8+CD103— T cells in PsA compared
with RA. We show that type 17 CD8+CD69+CD103+ Try cells
in PsA have a pro-inflammatory cytokine profile and a distinct
transcriptomic signature. Furthermore, clonality analysis re-
vealed a polyclonal but distinct T cell receptor (TCR) repertoire
for synovial type 17-lke CD8+CD69+CD103+ Tgrm cells
compared with other Tgy and CD8+CD103— T cells in patients
with PsA. These findings add substantively to the accumulating
evidence that the immunopathologies of PsA and RA are
different, with a particular role for type 17-like CD8+CD103+
Trm and CD8+CD103— T cells in PsA.
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RESULTS

Multiple populations of CD8+CD69+CD103+ Try cells
are enriched in the synovial fluid of patients with PsA
compared with RA

We first sought to determine whether there were differences in
joint-derived CD8+ or CD4+ Ty cells between PsA (n = 8 sam-
ples from n = 7 different patients) versus RA (n = 5 samples from
n =5 patients) (see Table 1 for demographic and clinical informa-
tion). For this, we performed mass cytometry (CyTOF) on CD3+
T cells isolated from cryopreserved synovial fluid mononuclear
cells (SFMCs) and measured the expression of multiple chemo-
kine receptors, transcription factors, T cell receptors, and
effector and cytotoxic molecules on exported CD8+ and CD4+
T cells (CyTOF panel |; key resources table). We focused our
analysis on live T cells using a customized version of the
CATALYST pipeline®* (Figure S1A). We first applied multidimen-
sional scaling (MDS) using median marker expression across all
cells to evaluate differences between the patient samples. This
analysis did not reveal disease-specific clustering of synovial
CD8+ or CD4+ T cells, suggesting a degree of phenotypic simi-
larity between the two patient cohorts (Figure 1A). Next, we
generated uniform manifold approximation and projections
(UMAPSs) of the expression of CD69 and CD103, canonical
markers of human Try cells, on synovial T cells from patients
with PsA or RA. CD103 expression in synovial CD8+ T cells,
and to a lesser degree CD4+ T cells, clearly clustered Try cells
in both PsA and RA, with a higher abundance of CD103+ cells
within the CD8+ T cell compartment (Figure 1B). The data also
suggested higher expression of CD103 in patients with PsA
compared with RA (Figure 1B). In contrast, we found that the ma-
jority of synovial CD8+ and CD4+ T cells expressed high levels of
CD69, which most likely reflects the state of T cell activation in
this inflammatory environment rather than identifying those cells
as CD69+CD103— Tgry cells. Hence, in this study we defined
Trm cells as CD69+CD103+ double-positive cells.

Cell population identification was then conducted by unsuper-
vised clustering using the FlowSOM and ConsensusClusterPlus
packages, which resolved both CD8+ and CD4+ T cells into 15
clusters across all patient samples, with each population charac-
terized by a different expression profile (Figure 1C). These 15
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clusters were mapped onto UMAPs of CD8+ and CD4+ T cells
from patients with PsA or RA for direct comparison (Figure 1D).
Based on the co-expression of CD69 and CD103, FlowSOM
analysis identified clusters 8, 11, 12, 13, 14, and 15 as Try cells
within CD8+ T cells and cluster 15 as Try cells within CD4+
T cells (Figure 1C). Of note, cluster 8 showed an overall lower
expression of the Tgry marker CD103, which was due to its
expression being limited to a subset of cells in that cluster. How-
ever, FlowSOM was not able to separate out a distinct cluster
due to the shared phenotypic characteristics of the CD103+
and CD103— cells within this cluster.

We investigated if there were quantitative differences in these
CD8+ and CD4+ Tgy cell clusters between PsA and RA. Fre-
quency analysis revealed that the different CD8+ Tgry cell popu-
lations all appeared enriched in PsA compared with RA, with a
statistically significant increase in PsA for cluster 12, which
was virtually absent in patients with RA (Figure 2A). In contrast,
CD4+ Trwm cell frequencies were similarly low in both PsA and
RA (Figure 2B).

To identify a signature for these clusters, we performed marker
enrichment modeling (MEM) analysis®® to quantify subset-spe-
cific, positive and negative marker enrichment. MEM scores
confirmed high positive CD103 enrichment for all CD8+ and
CD4+ Trwm clusters, which served as positive control for the clas-
sification of these subsets as Try cells (Figure 2C). This MEM
analysis revealed several major CD8+ Try phenotypes: clusters
8, 14, and 15 shared a positive enrichment for cytotoxic media-
tors perforin and granzymes A and B together with enrichment
for CXCRG6 and the transcription factor Eomes, indicating a cyto-
toxic effector profile; cluster 11 was characterized by enrichment
for CD127, CD101, and CCRY7; cluster 12 showed CXCR6 with
CD161 and CCR6 enrichment, suggesting a type 17-like Trm
profile; finally, cluster 13 was distinguished by CXCR6 with
CD25, Foxp3, Helios, and CD101, but also CD161 and CCR6,
enrichment, indicating a regulatory T (Treg)-like Tgm profile
with a type 17 signature (Figure 2C). MEM analysis of CD4+
Trm cells revealed a type 17-like Try profile with CD161,
CD127, and CXCR6 enrichment (Figure 2D). CD49a, a marker
previously associated with CD8+ Try cells poised for cytotoxic
function in human skin,'*?® was expressed at varying degrees
in several clusters (Figures 2C and 2D).

While the frequencies of the CD8+ Tgry cell subsets were
different between PsA and RA (Figure 2A), there were only minor
phenotypic differences when comparing these populations be-
tween the two diseases (Figure S1B). A similar result was seen

Cell Reports

for CD4+ Tgrwm cells (Figure S1C). This indicates that the Try
cell subsets differ quantitatively, at least in the CD8 compart-
ment, rather than qualitatively between PsA and RA.

Cytokine expression profiles of synovial
CD8+CD69+CD103+ Ty cell populations

To functionally characterize the different CD8+ Tgry populations,
we performed CyTOF on synovial CD3+ T cells that were stimu-
lated for 3 h with PMA/ionomycin in the presence of GolgiStop fol-
lowed by staining with a modified cytokine focused panel (CyTOF
panel II; key resources table). As expected, PMA/ionomycin
greatly increased the expression of CD69 in most of the cells; how-
ever, a clear clustering of CD103-expressing cells could still be
found and, concordant with our previous results, higher CD103
expression and increased frequency of CD103+ cells were
observed in synovial CD8+ T cells from patients with PsA
compared with RA (Figure 3A). FlowSOM resolved the synovial
CD8+ T cells into 15 clusters (Figure 3B and 3C), with clusters 4,
5,9,13,and 15identified as Try cells based on their co-expression
of CD103 and CD69 (Figure 3B). Of these, clusters 9, 13, and 15
were all highly significantly enriched in synovial CD8+ T cells
from patients with PsA compared with RA (Figure 3D). MEM anal-
ysis of the CD8+ Try clusters revealed distinct cytokine signa-
tures: clusters 9, 13, and 15 were all characterized by CD161
enrichment, associating them to a type 17-like Tgry profile. These
clusters showed polyfunctional but different cytokine production
profiles with cluster 9 enriched for IFNy and TNFa, cluster 13 for
TNFo and IL-2, and cluster 15 showing IL-17A, IFNy, and TNFa
as well as CXCR6 enrichment (Figures 3E and S2). Cluster 4
showed IFNy enrichment together with Eomes, which correlated
it to the cytotoxic effector profile from panel I, while cluster 5
showed CD25, Foxp3, and Helios enrichment but no positive cyto-
kine enrichment, correlating it to a Treg-like profile. These data
suggest that the different CD8+ Try cell populations are character-
ized by discrete cytokine profiles. The expression of other cyto-
kines tested (IL-4, IL-6, IL-10, IL-17F, IL-21, IL-22, GM-CSF, and
TGFB) was relatively low in these five Tgry clusters, although
some PsA Tgry clusters showed higher expression levels
compared with their RA counterparts (Figure S2).

scRNA-seq analysis defines two distinct signatures for
synovial CD8+CD69+CD103+ Tgy cells in patients with
PsA

Our analysis thus far revealed that multiple populations of
CD8+CD69+CD103+ Tgry cells are enriched in the SF of patients

Figure 1. Mass cytometry identifies distinct populations of synovial CD8+CD69+CD103+ and CD4+CD69+CD103+ Try cells in patients with

PsA and RA

Synovial fluid CD3+ T cells from patients with PsA (n = 8) or RA (n = 5) were stained with panel | (without stimulation); live CD8+ and CD4+ T cells were gated and
analyzed independently; data from CD8+ T cells (left panels) and CD4+ T cells (right panels) are shown.
(A) MDS pilot for PsA (red) and RA (blue) samples; clustering was based on all marker median expression.

(B) UMAPs based on the arcsinh-transformed expression of 32 markers evaluated in total CD8+ (left) and CD4+ (right) T cells. From each sample, 60,000 cells
were randomly selected. UMAPs show cell expression levels of CD69 (left column) and CD103 (right column), stratified by disease: PsA (top row) and RA (bottom
row). Cells were clustered based on surface and intracellular markers.

(C) Heatmap of the median marker intensities of the 32 markers across the 15 populations obtained with FlowSOM. Color and value in the heatmap represent the
median arcsinh-transformed, 0- to 1-scaled marker expression calculated over cells from all samples; hierarchical similarity between the 15 clusters calculated by
Euclidean distance with average linkage. Barplots alongside the rows and values show the relative cluster sizes and ID.

(D) UMAPSs generated as in (B) stratified by disease and showing cells colored according to the 15 populations obtained with FlowSOM and characterized in (C);
red circles highlight Try cell clusters.

4 Cell Reports 42, 112514, May 30, 2023
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Figure 2. Multiple populations of synovial CD8+CD69+CD103+ Try cells are enriched in patients with PsA compared with RA

(A and B) Cumulative data showing the relative abundance of CD8+CD69+CD103+ (A) and CD4+CD69+CD103+ (B) Trm cell clusters from Figure 1C, identified by
co-expression of CD69 and CD103, in patients with PsA (red) and RA (blue); boxplots show median =+ interquartile range (IQR); PsA (n = 8) and RA (n = 5) data
analyzed by generalized linear mixed models (GLMMs) and p <0.05 reported.

(C and D) Heatmap of the median marker intensities of the 32 markers across the 6 CD8+CD69+CD103+ Tgry cell populations (C) and 1 CD4+CD69+CD103+ Try
cell population (D). Heatmap details as in Figure 1. MEM labels (boxed) were computationally generated for each of the CD8+CD69+CD103+ Tgy cell populations
(C) and the CD4+CD69+CD103+ Tgry cell population (D), and markers were assigned positive (up arrow) or negative (down arrow) enrichment values within each
cluster using all other clusters as reference. Cluster defining markers are highlighted in bold.
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Figure 3. Cytokine expression profiles of synovial CD8+CD69+CD103+ Trym cell populations

Synovial fluid CD3+ T cells were stimulated for 3 h with PMA/ionomycin in the presence of GolgiStop and stained with panel Il; live CD8+ T cells were gated
and analyzed.

(legend continued on next page)
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with PsA, with distinct phenotypes and expression of effector
and cytotoxic molecules. To analyze these cells in greater detail,
we performed scRNA-seq of PsA synovial CD8+ T cells (n = 4;
Table 1 for demographic and clinical information, and Table S1
for cell and VDJ recoveries). Cells were labeled with CITE-Seq
antibodies to allow for integration of cellular protein and tran-
scriptome measurements of Try cell markers. This approach
confirmed our CyTOF data that while the majority of the synovial
CD8+ T cells expressed CD69 at both the gene and protein
levels, only a limited fraction of the cells expressed CD103
(Figure 4A).

Cell population identification by Seurat clustering resolved the
CD8+ T cells into 18 distinct clusters (Figure 4B), similarly repre-
sented in all the donors (Figures S3A-S3C) and defined by differ-
entially expressed genes (Figure S4 and Table S2). Clusters 4, 6,
and 13 were identified as CD8+ Try populations based on
matched gene and protein co-expression for CD69 and CD103
(Figure 4C). However, while clusters 4 and 6 showed a significant
positive enrichment for a human Tgy cell signature’® when
compared with all other clusters, cluster 13 did not show the
same significant enrichment (Figure 4D). Considering that cluster
13 also showed lower expression for CD103 (Figure 4C), we hy-
pothesized that cluster 13 contained a proportion of Tgy cells,
without these, however, being a distinct population. In addition,
clusters 2, 3, 9, 12, 15, and 17, while negative for CD103, ex-
pressed CD69 in combination with significant upregulation of
at least one other marker associated with tissue residency
(CXCR6, CD49a, CD101, and PD-1), low expression of markers
required for tissue egress (CD62L, S1PR1, and KLF2), and +/—
low expression of CX3CR1 (Figure S3D), thus raising the possi-
bility that they could represent CD103— Tgy cell populations.
However, clusters 2, 15, and 17 were identified as mucosal-
associated invariant T (MAIT) cells (based upon upregulated
expression of TRAV1-2; Table S2), and clusters 3, 9, and 12
were not significantly enriched for the human Tgry cell signa-
ture'® (Figure S3E).

To further characterize the CD8+CD69+CD103+ Tgry clusters,
we interrogated the scRNA-seq dataset for the signatures iden-
tified by our CyTOF MEM analysis (Figure 2B). This revealed that
cluster 4 showed a signature comparable to the cytotoxic
effector Try cells, as indicated by expression of PRF1, GZMA,
and GZMB, while cluster 6 possessed a type 17-like Try profile
with expression of CD161 and CCR6 (Figure 4E). Cluster 13
showed a similar cytotoxic profile to cluster 4 but with high
expression for MKI67, suggesting that these cells were highly
proliferating. This was confirmed by a functional enrichment
analysis showing highly significant enrichment for mitotic and
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cell cycle gene sets (Figure S5A). Since Try cells are typically
shown to be non-cycling,'® these data supported our hypothesis
that, while containing a small proportion of Try cells, cluster 13
consisted mostly of cycling cells.

We performed differential gene expression analysis of each
Trm cluster compared to all other clusters (Tgm and
CD8+CD103— T cells). This further defined a specific signature
for cluster 4 characterized by high expression (q < 0.05) of mul-
tiple cytotoxicity-associated genes including GZMA, GZMB,
GZMH, GZMK, NKG7, and PRF1 together with Tgy canonical
genes ITGAE (which encodes CD103), PDCD1, LAG3, and
CTLA4 (upregulated) and SELL, KLF2, and KLF3 (downregu-
lated). Cluster 6 instead showed a type 17-like signature with up-
regulation (q < 0.05) of canonical type 17 genes including KLRB1,
RORA, AHR, BATF, and CCR6, together with the same Try ca-
nonical genes found differentially expressed in cluster 4 but with
the addition of STPR71 and EOMES (downregulated) and CXCR6
and ZNF683 (upregulated) (Figure 4F; Table S3). Furthermore,
although the expression of most cytokine genes was low due
to lack of prior activation with either anti-CD3/CD28 monoclonal
antibody (mAb) or PMA/ionomycin stimulation, we found that the
few cells expressing typical type 17-related genes IL17A, IL21,
and /IL26 were enriched in cluster 6 (Figure S5B). Genes encod-
ing for CXCL13, ALOX5AP, and LGALS1 were among the most
differentially upregulated genes (fold change [FC] > 1.5 and
q < 0.05) in both Try clusters when compared with all other clus-
ters (Figure 4F). Functional enrichment analysis validated our
classification by revealing significant enrichment for multiple
cytotoxicity gene sets in cluster 4 and type 17 cell signature
gene sets in cluster 6, together with ones associated with im-
mune responses and T cell activation, which were shared by
both Try clusters (Figure S5C).

To evaluate specific differences in the transcriptomic signatures
between the two Try populations, we performed pairwise differ-
ential gene expression analyses between clusters 4 and 6. We
identified distinct signatures, which matched with the Try profiles
we obtained from our CyTOF data: cluster 4 showed a signature
matching the cytotoxic effector profile characterized by signifi-
cantly higher expression of perforin and granzymes as well the
transcription factor Eomes, while cluster 6 matched the
CD161+CCR6+ type 17-like Trm cell population (Figures 4G,
S5D; Table S3). Furthermore, when comparing the Try clusters,
we found that cluster 4 was significantly enriched for a signature
of SF CD8+HLA-DR™ cells (Figure 4H), a population previously
described in patients with PsA, which, despite not expressing /IT-
GAE in that study, was also shown to have high expression of mul-
tiple HLA genes.?’” Conversely, cluster 6 showed a highly

(A) UMAPs based on the arcsinh-transformed expression of 33 markers evaluated in total CD8+ T cells from patients with PsA (n = 7) or RA (n = 4). From each
sample, 38,000 cells were randomly selected. UMAPSs show cell expression levels of CD69 (left column) and CD103 (right column), stratified by disease: PsA (top
row) and RA (bottom row). Cells were clustered based on surface and intracellular markers.

(B) Heatmap of the median marker intensities of the 33 markers across the 15 cell populations obtained with FlowSOM as in Figure 1.

(C) UMAPs generated as in (A) stratified by disease and showing cells colored according to the 15 cell populations obtained with FlowSOM and characterized in

(B); red circles highlight Ty cell clusters.

(D) Cumulative data showing the relative abundance of CD8+CD69+CD103+Tgy cell clusters from (B), identified by co-expression of CD69 and CD103, in
patients with PsA (red) and RA (blue). Boxplots show median + IQR; data analyzed by GLMMs and p <0.05 reported.
(E) Heatmap of the median marker intensities of the 33 markers across the 5 Try cell populations from (B). MEM labels (boxed) listed for each of the 5

CD8+CD69+CD103+ Trwy cell populations as described in Figure 2.
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significant positive enrichment for a signature of ITGAE-express-
ing Tc17 cells found in psoriatic skin®® and for skin CD8+CD49a—
Trwm cells, which also have a type 17 phenotype and are enriched
in psoriatic skin'* (Figure 4). This suggested that the population of
type 17-like Try cells we identified in PsA SF showed similar char-
acteristics to Try cells found in the skin, both in health and dis-
ease. Recent studies in mice have reported that Try, cells from
different tissues exhibit differential requirements for TGFB
signaling for differentiation and functionality.”® Cluster 6, but not
cluster 4, was significantly enriched for signatures of ex vivo
TGFB-stimulated human CD8+ T cells® (Figure S5E), and both
TGFB1 and TGFBR2 were modestly but significantly upregulated
in cluster 6 compared with cluster 4 (Table S3), suggesting activa-
tion of the TGF signaling pathway in type 17-like but not cytotoxic
synovial Tgy cells in PsA.

Synovial CD8+CD69+CD103+ Ty cells from patients
with PsA are polyclonal and show little clonal similarity
to CD8+CD103— T cells

To assess the clonality of synovial CD8+CD69+CD103+ Trum
cells in patients with PsA and determine whether the TCR reper-
toire was shared between these Tgy and CD8+CD103— T cells,
we used VDJ sequencing and mapped paired o/B-chain TCR se-
quences to gene expression for the same cells. We calculated
the inverse Pielou clonality score for clusters that had at least
100 cells with paired gene expression and TCR sequences
from each donor and found that all of these clusters were simi-
larly polyclonal, as indicated by a low score (Figure 5A). We
next calculated the Morisita similarity index to measure TCR
composition overlap between the different clusters and found
that in every donor, only a few clusters showed a degree of
repertoire overlap, i.e., a Morisita similarity index score >0.4 (Fig-
ure S6A). While cluster 4 showed a modest degree of clonal over-
lap (median Morisita score > 0.4) with the CD8+CD103— T cell
clusters 1, 7, and 12, cluster 6 displayed very limited repertoire
sharing with either the other CD8+CD103— clusters or Try clus-
ter 4 (Figures 5B and 5C). Clonotype analysis further confirmed
that while cluster 4 shared a proportion of its top 10 clones
with the CD8+CD103— T cell clusters 1, 7, and 12 (consistent
with the higher Morisita score), cluster 6 showed little sharing,
indicating a more distinct repertoire (Figure 5D). Increased clo-
notype similarity between Tgry cluster 4 and CD8+CD103—
T cell clusters 1, 7, and 12 was associated with similar gene sig-
natures characterized by high expression of cytotoxic markers
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including multiple HLAs and granzymes (Figure S6B). Taken
together, these data demonstrate that SF-derived CD8+ T cells
from patients with PsA generally display a polyclonal repertoire
with a more distinct repertoire for type 17-like Tgry cells.

Synovial CD8+CD103- T cells of patients with PsA also
show a prevalent type 17-like phenotype
Finally, we sought to explore whether we could find differences
among the synovial CD8+CD103— T cell subsets in our patient
cohorts using our CyTOF data. Among the clusters identified
by FlowSOM and ConsensusClusterPlus from Figure 1C, we
found that within CD8+CD103— T cells, clusters 9 and 10 were
significantly enriched in patients with PsA, while cluster 2 was
significantly enriched in patients with RA (Figure 6A). Within
CD4+CD103— T cells, clusters 1 and 4 were significantly en-
riched in patients with PsA, while clusters 5, 6, and 9 were signif-
icantly enriched in patients with RA (Figure 6B).

MEM analysis of CD8+CD103— T cells in PsA-enriched clusters
9 and 10 revealed a similar type 17-like signature characterized by
CD161, CD127, and CCR6 enrichment (Figure 6C); however, in
cluster 9, there was specific enrichment for TCRV«7.2, identifying
this cluster as MAIT cells, while cluster 10 resembled the IL-17A-
expressing cluster 14 in Figure 3B and was therefore identified as
conventional Tc17 cells. Conversely, cluster 2, enriched in pa-
tients with RA, showed Eomes, perforin, granzyme B, and
CD127 enrichment, indicating a signature for cytotoxic effector
cells. These data indicate that also in the CD8+CD103— T cells,
there is a type 17-enriched CD8+ T cell signature in patients
with PsA compared with a cytotoxic CD8+ T cell profile in RA.

MEM analysis of CD4+CD103— T cells in PsA-enriched clus-
ters 1 and 4 revealed two distinct signatures. Cluster 1 showed
positive enrichment for CD25, FoxP3, and Helios and negative
enrichment for CD127, suggesting a Treg signature. Cluster 4
showed a Th17-like signature characterized by positive enrich-
ment for CD161, CD127, and CCR6 (Figure 6D). Conversely,
the RA-enriched clusters 5 and 6 showed similar signatures
characterized by the enrichment for activation and proliferation
markers CD25 and Ki67, granzymes A and B, CD161, CXCR®6,
and T-bet, with cluster 6 also enriched for CD49a and CD101.
Finally, RA-enriched cluster 9 represented actively proliferating
cells as demonstrated by the enrichment for Ki67 (Figure 6D).

In line with our findings when analyzing the phenotype of the
Trm cell populations, we found only minor phenotypic differ-
ences in the CD8+CD103— and CD4+CD103— populations

Figure 4. scRNA-seq analysis defined a distinct signature for Tgy populations in the synovial fluid of patients with PsA

SFMC samples from patients with PsA (n = 4) were sequenced independently using the 10x protocol.

(A) UMAPs showing cell protein (top row) and gene (bottom row) expression levels of CD69 (left) and CD103 (right) in CD8+ T cells from patients with PsA.
(B) UMAP showing cells colored according to the 18 populations obtained after Seurat clustering.

(C) Violin plots showing cell protein (top row) and gene (bottom row) expression levels of CD69 (left) and CD103 (right) in the 18 Seurat clusters.

(D) GSEA plots for lung CD8+ Try signature, comparing clusters 4 (left), 6 (middle), and 13 (right) with all other clusters; n = 4 per group. Normalized enrichment
score (NES) and multiple test-adjusted g value from GSEA are shown.

(E) Dotplot showing either protein or gene expression of signature markers that defined distinct Tgy populations by CyTOF, across the identified 3 CD69+CD103+
clusters from (C). Dotplot heatmap showing the average expression (color) and percentage of cells (size) expressing the indicated genes or proteins.

(F) Volcano plots showing significant genes differentially expressed in cluster 4 (left) or 6 (right) compared with all other clusters. Differentially expressed genes
were calculated using Wilcoxon rank-sum tests using the FindMarkers function in Seurat and shown in blue (q < 0.05) or red (q < 0.05 with a + 1.2-fold change).
(G) Heatmap showing the normalized average expression of top 30 upregulated and downregulated genes (q < 0.05) in cluster 6 compared with cluster 4.

(H and I) GSEA plots comparing cluster 4 with cluster 6 for PsA synovial fluid (SF) CD8+HLA-DR" signature (H) and cluster 6 with cluster 4 for psoriatic skin Tc17
and skin CD8+CD49— Try signatures (1); n = 4 per group.
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Figure 5. Limited clonal overlap in synovial CD8+ T cells from patients with PsA

(A) Cumulative data showing the inverse Pielou clonality score in every cluster from Figure 4B, which contains >100 TCR sequences for each donor (n = 4); Inverse
Pielou score ranges from 0, which indicates a highly polyclonal population, to 1, which indicates a monoclonal population; boxplots show median + IQR.

(B) Cumulative data showing the Morisita scores for cluster 4 (left) or 6 (right) compared with other clusters (n = 4); boxplots show median + IQR; discretionary

dotted line was drawn at score = 0.4 for comparison of scores.

(C) Cumulative data showing the Morisita scores for comparisons of Try clusters repertoires and of each Try cluster with CD8+CD103— T cell clusters (n = 4);

boxplots show median + IQR.

(D) Representative alluvial plots showing the proportion of the top 10 clones shared between clusters; alluvials connecting clusters are colored according to

shared clones.

between patients with PsA or RA (Figures S7A and S7B). Taken
together, these data demonstrate significant differences in the
cellular composition of synovial T cells in patients with PsA
versus RA, with evidence of a significant enrichment of both
CD8+CD103+ Trm and CD8+CD103— T cell subsets with a pre-
dominant type 17-like signature in patients with PsA.

DISCUSSION

The high-dimensional immune profiling study presented here
deeply phenotyped in parallel synovial CD8+ and CD4+ CD69+

10 Cell Reports 42, 112514, May 30, 2023

CD103+ Tgm cells in two rheumatic diseases and identified
them as a heterogeneous population characterized by multiple
distinct phenotypes and functions.

It was previously reported that CD8+ Tgry cells, despite
sharing a core transcriptional signature, exhibit both inter- and
intra-organ heterogeneity and can differ in terms of CD103
expression, cytokine production, cytotoxic potential, prolifera-
tive capacity, metabolism, and commitment to tissue resi-
dency.? 14233032 Qyr CyTOF analysis revealed a type 17-like
CD8+CD69+CD103+ Trm cell population (cluster 12) that was
found at a higher frequency in the joints of patients with PsA
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and was virtually absent in patients with RA. This cluster showed
a classical type 17 phenotype, characterized by the expression
of CD161 and CCRS6, together with high expression of CXCRS,
but no markers of cytotoxicity. When we phenotyped the cells af-
ter PMA/ionomycin stimulation to assess cytokine production,
we were able to identify an equivalent type 17-like Try cell pop-
ulation (cluster 15), characterized by expression of both IL-17A
and IFNy. Additionally, we found two more clusters (9 and 13)
with similar type 17-like profiles, including high CD161 expres-
sion, which identifies IL-17-producing cells,*® but with different
combinations of cytokines; this difference might be attributed
to the stochastic nature of cytokine expression or represent a
different functional stage of type 17-like Try cells captured in
response to PMA/ionomycin stimulation. Nonetheless, all three
clusters were found significantly enriched in patients with PsA,
suggesting that these clusters represent different fates or states
of type 17-like Try cells. These findings are consistent with pre-
vious work by us and others showing that Tc17/Tgy cells in PsA
are polyfunctional and able to produce multiple cytokines, which
drive PsA inflammation.?’** scRNA-seq validated the presence
of a distinct population of type 17-like CD8+CD69+CD103+ Tgm
cells in PsA SF (cluster 6) and defined a unique gene signature for
these cells that set them apart from other Try cells with signifi-
cant upregulation of canonical type 17 signature genes including
KLRBT1, RORA, AHR, BATF, and CCR6 as well as expression of
IL17A, IL21, and IL26. The type 17-like signature, including the
ability to produce IL-17A and other inflammatory cytokines,
low cytotoxicity, and a distinct TCR repertoire compared with
other Ty and CD8+CD103— T cells all point to this being a
unique population of Tgy cells with a discrete function.

Our scRNA-seq analysis also suggested striking similarities
between type 17-like synovial Try cells in PsA and Try cells
from the skin including (1) common expression of specific meta-
bolic genes including BHLHE40 that is upregulated in IL-17-pro-
ducing Tgrm cells in human psoriatic skin®®; (2) an enrichment for
signatures of ITGAE+ type 17 Tgwm cells from psoriatic lesions®®
and of CD49a— Try cells that are enriched in psoriatic lesions'?;
and (3) a specific enrichment in the type 17 (cluster 6), but not
cytotoxic (cluster 4), Try cells for a signature of TGFp stimula-
tion, which has been shown to be required for the differentiation
and maintenance of Ty cells in mice skin. Thus, the specific
enrichment of type 17-like Try cells in the SF of patients with
PsA and their similarity to Try cells from the skin in psoriasis
point to a specific role for type 17 Try cells in PsA. In this context,
itis interesting to note that in psoriasis, IL-17-producing resident
T cells were shown to persist in “normal” skin at the sites of
healed psoriasis at frequencies that inversely correlated with
time to relapse in patients who stopped treatment.®**® Thus, it
was hypothesized that skin-resident IL-17-producing Tgry cells
may drive relapses in psoriasis. One could speculate that the sy-
novial type 17 Try cells we describe in the current study may
have a similar role in driving joint flares in PsA.

Cell Reports

Our study also identified cytotoxic CD8+ Try cells in the in-
flamed joint present at similar levels in both PsA and RA.
CyTOF analysis identified three populations of CD8+ cytotoxic
Trm cells (clusters 8, 14, and 15) characterized by high expres-
sion of granzyme A, granzyme B, and perforin, together with
Eomes and PD1, indicating a cytotoxic effector profile. However,
despite this segmentation into multiple clusters due to differ-
ences in expression of markers including CD101 and CD49a,
stimulation with PMA/ionomycin revealed that these cells uni-
formly responded by secreting high levels of IFNy; this sug-
gested a specialized function of these cells despite phenotypic
heterogeneity. Indeed, our scRNA-seq analysis identified a sin-
gle signature for cytotoxic Try cells (cluster 4) that resembled
a previously described PsA SF-derived CD8+HLA-DR" T cell
population.?” While in that study, ITGAE was not found to be
differentially expressed in any of the CD8+ T cell clusters (the au-
thors did not include CITE-Seq antibodies for CD103), our gene
set enrichment analysis (GSEA) showed a significant positive
enrichment for this HLA class ll-associated gene signature in
our cytotoxic CD103+ and ITGAE+ Trym cell population. Further-
more, a similar HLA class |l signature has been identified in highly
cytotoxic, IFNy-producing CD8+ T cells from the peripheral
blood of healthy volunteers,®” which also expressed high levels
of CCL5, similarly to cluster 4 Tgy, cells. Together with their poly-
clonal nature as well as their TCR sharing with other cytotoxic
non-Tgy cell populations, these data suggest a specialized cyto-
toxic effector function for cluster 4 Tgy cells.

The commonly used core signature of Try cells (e.g., CD103,
CD69, CXCR6, PD-1, CD49a, and CD101) may not accurately
reflect the heterogeneity within Try cells at different tissue sites
or identify potential Try subset-specific associations to patho-
logical conditions. Our data show that cytotoxic and type
17-like Trym cells differ in terms of cytokine production, cytotoxic
potential, and TGFp “priming.” The gene signatures for cytotoxic
and type 17-like Try cells defined in this study may allow for
improved Tgry cell population segmentation within tissues and
thus help identify changes in Try cell composition at different
sites and in different diseases for future studies.

Our CyTOF analysis also identified a Treg-like CD8+ Try pop-
ulation (cluster 13) that was present at low frequencies in both
PsA and RA. This Try cell population expressed all the markers
that are associated with CD4+ Treg cells including high levels of
CD25, Foxp3, and Helios as well as low CD127; we, however,
also detected expression of CD161 and CCR6, albeit at low
levels, which suggests a type 17 profile. We and others have pre-
viously characterized a distinct population of human CD4+ Treg
cells with similarly unique type 17-like characteristics and func-
tions, which we found enriched in the SF of patients with RA as
well as in the lamina propria of patients with Crohn’s dis-
ease.** " Furthermore, a recent scRNA-seq study has
described a population of synovial CD8+CD161+ Treg cells
with a distinct molecular signature in patients with PsA.** Our

Figure 6. Enrichment of conventional type 17 CD8+ T cells in the SF of patients with PsA

(A and B) Cumulative data showing the relative abundance of CD8+ (A) and CD4+ (B) CD103— T cell clusters from Figure 1C in patients with PsA (n = 8, red) or RA
(n =5, blue). Boxplots show median + IQR; data analyzed by GLMMs and p <0.05 reported.

(C and D) Heatmap and MEM modeling of the median marker intensities of the 32 markers across the significantly enriched (in either PsA or RA) CD8+CD103—
(C) or CD4+CD103— (D) cell populations from (A and B). Heatmap and MEM details as described in Figures 1 and 2.
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data show that this CD8+ Treg-like population harbors various
markers of Try cells, suggesting that these cells may persist in
the synovial joints of patients with PsA and RA. It remains to
be established whether these cells possess the same functional
characteristics as their CD4+ counterparts, an issue that is chal-
lenging to address given their low frequency in the SF and there-
fore their absence in our scRNA-seq data. However, based on
their type 17-like signature and similarity to their CD4+ counter-
parts, one could hypothesize that these cells are specialized to
specifically suppress local type 17 responses, as was previously
shown for CD4+ Treg cells in mice.*®

Contrary to our initial hypothesis, we did not detect major qual-
itative differences in the phenotypes of the CD8+ and CD4+ Try
cell populations between PsA and RA. This suggests that syno-
vial T cells in these two diseases may differ more in terms of the
composition and frequency of specific subsets rather than in
their phenotypes. In addition, and concordant with previous
work,”"#24445 we found that within CD103— T cells in PsA SF,
CD8+ MAIT cells and conventional Tc17-like (CD8+CD161+
CCRG6+) cells were significantly enriched, as well as CD4+ Treg
and Th17-like (CD4+CD161+CCR6+) cells, while cytotoxic
CD8+ and cytotoxic/proliferative CD4+ T cells were significantly
enhanced in RA. Taken together, these data reveal significant
quantitative differences in certain CD8+ and CD4+ T cell popula-
tions between PsA and RA.

To conclude, we have characterized three distinct CD8+
CD69+CD103+ Ty cell populations within the inflamed arthritic
joint: cytotoxic and Treg-like Try cells, which are present in the
synovial joint of patients with both PsA and RA, while type 17-like
Trwm cells, as well as type 17-like CD8+CD103— T cells, are spe-
cifically enriched in the synovial joint of patients with PsA. These
data extend our previous findings®' and shed light on a potential
underlying cause for the difference in clinical efficacy of IL-17A
blockade in PsA versus RA“®: a significantly larger fraction of
IL-17A-secreting tissue-resident and non-resident CD8+
T cells within the synovial PsA joint may contribute to a larger,
and perhaps a more unique, extent to the immunopathology
and persistence of this disease.

Limitations of the study

One limitation of our study is the patient heterogeneity. While
no significant bias or association due to patient clinical param-
eters, sex/gender, age, disease duration, or treatment strategy
was observed in the data analysis, we cannot draw definitive
conclusions in this regard due to the relatively small sample
sizes.

In this study, we focused on Tgry cells that were defined by
expression of CD69 and CD103 and enriched for a signature of
Trm cells from homeostatic human tissue.'® It is known that in
certain organs, for example the liver, the majority of Try cells do
not express CD103,*”*® and therefore these Ty cells are defined
by CD69 expression. However, while CD69 is considered an
effective marker of tissue residency in the homeostatic state
and is constitutively expressed by Try cells from all tissues, it is
also an activation marker. As such, on its own, CD69 is not a reli-
able marker of tissue residency in inflamed tissue. This is sup-
ported by our finding that most synovial T cells from inflamed
joints expressed CD69 at the protein and mRNA levels. We iden-
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tified several clusters of CD69+CD103— Tgy cells in our datasets
that expressed other markers associated with a Try cell pheno-
type but were not enriched for a Try signature. In the absence
of consensus markers for CD103— Try cells in inflamed human
tissue, we did not classify these cells as tissue-resident T cells
and referred to these cells as CD103— T cells instead.
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Dual Index Kit TN Set A 10x Genomics Cat#1000250
Library Construction Kit 10x Genomics Cat#1000190

5’ Feature Barcode Kit 10x Genomics Cat#1000256

Deposited Data
scRNAseq data files GEO GSE216914

Software and Algorithms

NormalizerR normalization software Finck et al.*® N/A
CATALYST pipeline Nowicka et al.>* N/A
CellRanger v6.1.1 10x Genomics N/A
Seurat 4.1.1 Satija Lab N/A
scRepertoire 1.7.2 Borcherding et al.° N/A
GSEA version 4.2.3 Subramanian et al.”" N/A
gprofiler2 Kolberg et al.”?; Raudvere et al.”® N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Professor
Leonie Taams (she/her) (leonie.taams@kcl.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
@ According to UK research councils” Common Principles on Data Policy, all single-cell RNA-seq data have been deposited at
GEO under accession number GSE216914 and are publicly available as of the date of publication.
e This paper does not report original code. Publicly available code was adapted and/or combined to meet the specification of our
dataset analysis, as indicated in STAR Methods for CyTOF and scRNAseq analyses.
@ Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Participant recruitment and ethical approval

Synovial fluid (SF) samples were obtained from 8 patients with Psoriatic Arthritis (PsA; 4 males and 4 females, 25 to 71 years old) and 5
Rheumatoid Arthritis (RA; 1 male and 4 females, 41 to 74 years old) recruited from Guy’s Hospital Rheumatology Department, with
written informed consent from all participants. The study was approved by the Bromley Research Ethics Committee (06/Q0705/20)
and Harrow Research Ethics Committee (17/LO/1940). Patient demographics and clinical information for samples included for
CyTOF and scRNAseq is available in Table 1.

METHOD DETAILS
Cell isolation
SF mononuclear cells (SFMC) were isolated from synovial fluid by conventional density gradient centrifugation using Lymphoprep™

(Axis-Shield, Oslo, Norway). Cells were cryopreserved in culture medium containing 90% FCS (Gibco, Invitrogen, UK) and 10%
DMSO (Fisher Scientific, Loughborough, UK) in liquid nitrogen until use.
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CyTOF staining and sample acquisition

Upon thawing, dead cells were removed using the Dead Cell Removal kit and CD3+ T cells were isolated using the REAlease CD3
Microbead kit (both kits Miltenyi Biotec, Bergisch Gladbach, Germany) according to manufacturer’s guidelines. Purified CD3+ T-cells
(3 x10°) were left unstimulated or were stimulated for 3 h with PMA (50 ng/mL), ionomycin (750 ng/mL, (Sigma-Aldrich, St. Louis,
Missouri, United States) in the presence of GolgiStop (BD Biosciences, Franklin Lakes, New Jersey) to assess intracellular cytokine
expression. Wash steps were performed at 1,200rpm for 10 min at room temperature (RT) unless otherwise stated. Details for both
CyTOF antibody panels are listed in key resources table (panel | for samples without PMA/ionomycin stimulation; panel Il for samples
stimulated with PMA/ionomycin). After 3 h, cells were washed with PBS then stained with 1X rhodium (Rh)-intercalator (Fluidigm) in
PBS for 15 min at RT for viability assessment. Next, cells were washed twice with cell staining medium (CSM, 0.5% BSA +0.02%
NaN3 in PBS) before stained with extracellular antibodies for 30 min at RT. Cells were washed twice with CSM then fixed and
permeabilised using the FoxP3/Transcription Factor Staining Buffer set (eBioscience, UK) according to manufacturer’s instructions.
After washing with permeabilization buffer, cells were stained with intracellular and intranuclear markers for 30 min at 4°C (panel |
unstimulated cells; panel Il stimulated cells). Cells were washed with permeabilization buffer then stored overnight at 4°C resus-
pended in 125nM iridium (Ir)-intercalator in 4% paraformaldehyde (PFA). Samples were washed and resuspended in Maxpar CAS
buffer (Fluidigm) with EQ Element Calibration Beads (Fluidigm) and acquired on a Helios mass cytometer (Fluidigm).

Cell sorting for single cell RNA sequencing

Cryopreserved SFMCs from four patients with PsA were thawed and 2x10° SFMCs were stained for 30 min at 4°C with a combination
of fluorescently labeled antibodies and Cellular Indexing of Transcriptomes and Epitopes by sequencing (CITE-Seq) antibodies in the
presence of Fc receptor blocker. DAPI was added to samples immediately prior to sorting and live synovial CD8+ T cells were then
FACS sorted using a FACSAria/LSRII and retained on ice ahead of library preparation.

Single cell library preparation and sequencing

20,000 FACS sorted synovial CD8+ T cells per patient were loaded for gene expression and immune profiling using the 10X Genomics
Chromium Single Cell platform. Single cell libraries were created using the Chromium Single-Cell 5’ Reagent Kits v2. Libraries were
sequenced on the NextSeq 2000 platform.

QUANTIFICATION AND STATISTICAL ANALYSIS

CyTOF data analysis

EQ Element Calibration Beads were used for signal normalization across sample FCS files using the MATLAB version of the Normal-
izerR normalization software.*° Live CD8+ and CD4+ T cells were gated and exported independently for downstream analysis using
FlowdJo software (v10). Data were analyzed using a customised version of the CATALYST pipeline.>* Uniform manifold approximation
and projection (UMAP)s were generated based on the arcsinh-transformed expression of markers evaluated on the cells; the lowest
cell number among the different donors was used as common threshold for UMAP generation. Populations were identified with
FlowSOM after the metaclustering step with ConsensusClusterPlus with no downsampling. For quantification of contextual feature
enrichment of the clusters identified by FlowSOM and ConsensusClusterPlus, marker enrichment modeling (MEM) was performed.®
For differential analysis of population abundances, a generalized linear mixed model (GLMM) within the CATALYST analysis pipeline
was used. Additional statistical testing for CyTOF data was performed with GraphPad Prism v9.0 (GraphPad, San Diego, CA, USA)
using the multiple Mann-Whitney test as indicated in figure legends.

Pre-processing of scRNAseq data

Raw reads were aligned to the human transcriptome and “multi” option of CellRanger software package (v6.1.1) with default param-
eters. Outputs from CellRanger were loaded into Seurat (v4.0.4). Cells with <500 or >3,000 genes, <500 or >15,000 UMIs, >5,000 ADT
UMIs, expression of non-T cell markers (CD14+/CD19+) or >10% mitochondrial genes were filtered out. In addition, for cells where
TCR sequencing data were available, multiplets were excluded by removal of cells expressing more than one TCRp chain or more
than two TCRa chains.

scRNAseq analysis

scRNAseq data analysis was performed using Seurat. After filtering, the four datasets were individually normalised using the
SCTransform function (v2) with regression of the percentage of mitochondrial genes (RNA assays) and the NormalizeData and
ScaleData functions (ADT assays) and then integrated.**~°® Dimensionality reduction was performed separately for the integrated
SCT and integrated ADT assays with exclusion of TCR genes from the variable gene list. Weighted Nearest Neighbor (WNN) anal-
ysis®” was used to integrate RNA and protein expression, using 30 dimensions and 11 dimensions respectively, to construct a
WNN graph. Clustering was then performed on the WNN of the integrated SCT and ADT assays using the FindClusters command
with resolution 0.7 and visualised using UMAPs.*® Wilcoxon rank sum tests were performed to find differentially expressed genes
in each cluster using the FindMarkers and FindAlIMarkers functions in Seurat for scRNA-seq. Adjusted p-values <0.05 were consid-
ered statistically significant.
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GSEA was performed using GSEA v4.2.3°". Functional enrichment analysis of differential gene lists to identify significantly enriched
biological functions and pathways was performed using the gost function in gprofiler2°2:°® using standard settings. Lung and spleen
CD8+ Try signature for GSEA was sourced from.' Gene sets associated with human Th17 and CD8+CD161+ and MAIT cell signa-
tures for gost function in gprofiler2 were obtained from°®°° respectively. Gene signature of in vitro TGFB stimulated human CD8+ T
cells was sourced from.?°

Single cell TCR sequencing analysis

Diversity, Morisita and clone-sharing analysis was performed for clusters with >100 TCR sequences, for each donor, using the scRe-
pertoire package in R®°.
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Figure S1. Gating strategy and phenotypic comparison of synovial CD8+CD69+CD103+ and CD4+CD69+
CD103+ Trm cells clusters in patients with PsA and RA; Related to Figures 1,2. (A) Representative plots
demonstrating the gating strategy for sample cleanup and export of total CD8+ and CD4+ T-cells from patients with
PsA or RA pre CyTOF analysis inputted into the modified CATALYST analysis pipeline. The gating strategy is shown
for intact cells (191Ir+ DNA stain), cells (1911r+193Ir+), no beads (89Y CD45+140Ce EQ beads-), live (89Y CD45+
103Rh-), CD3+ (89Y CD45+ 116Cd CD3+) and CD8+ (144Nd CD8a+ 145Nd CD4-) or CD4+ (144Nd CD8a- 145Nd
CD4+) cells. (B,C) Cumulative data showing the median arcsinh-transformed expression of the markers across the
identified CD8+CD69+CD103+ (B) or CD4+CD69+CD103+ (C) Trm cell clusters from Figure 1C. Values for the two
disease conditions are indicated as PsA in red and RA in blue. Boxplots show median and IQR. Data analysed by
multiple Mann-Whitney tests with *p<0.05. Data from patients with PsA (n=8) or RA (n=5) are shown.
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Figure S2. Cytokine expression comparison of synovial CD8+CD69+CD103+ Trm cells clusters in patients with
PsA and RA; Related to Figure 3. Cumulative data showing the arcsinh-transformed, median expression of cytokines
across the identified CD8+CD69+CD103+ TrwM cell clusters from Figure 3B (PsA in red and RA in blue). Boxplots show
median and IQR. Data analysed by multiple Mann-Whitney tests and *p<0.05. Data from patients with PsA (n=7) or RA
(n=4) are shown.
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Figure S4. Heatmap of top 10 differentially expressed genes from each cluster identified in synovial CD8+ cells
from patients with PsA; Related to Figure 4. Heatmap showing the top 10 upregulated genes for each of the 18
clusters from the integrated analysis of CD8+ T cells from n= 4 patients. Upregulated genes were identified by Wilcoxon
rank sum test. Within each cluster, genes are ordered by highest to lowest LogFC of SCTransformed RNA expression.
Adjusted P-values < 0.05 were considered statistically significant.
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Figure S5. Functional enrichment analysis and gene signature differences between synovial
CD8+CD69+CD103+ Trm clusters identified in patients with PsA; Related to Figure 4. (A) Manhattan plot showing
functional enrichment analysis of differentially upregulated genes in cluster 13 compared to all other clusters. The x-
axis shows the biological functions and pathways data sources (terms) and y-axis shows the enrichment p-values (-
log10). Each circle corresponds to a single term from an annotation source (colour) and shows the total number of
genes annotated to the corresponding term (circle size). Chosen terms for each cluster are indicated with numbers on
the plot and corresponding id, name and statistics are shown in the table below the Manhattan plot. (B) Violin plots
showing gene expression levels of type 17 and inflammatory cytokines in the different Seurat clusters identified from
SF CD8+ T-cells from patients with PsA (n=4). (C) Manhattan plots, with associated terms and statistics, showing
functional enrichment analysis of differentially upregulated genes in clusters 4 (top) and 6 (bottom) compared to all
other clusters. (D) Volcano plot showing significant genes differentially expressed in cluster 6 compared to cluster 4.
Differentially expressed genes are identified in blue (g-value <0.05) or red (g-value <0.05 with a £1.2-fold change (n=4
patients). (E) GSEA plots for human TGFp treated CD8+ T-cell signature, comparing Cluster 6 (left) and 4 (right) with
all other clusters; n = 4 per group. Normalized enrichment score (NES) and multiple-test adjusted g-value from GSEA
are shown.
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Figure S6. TCR similarity among donors and comparison of gene
signatures between clonally similar clusters identified in synovial
CD8+ cells from patients with PsA; Related to Figure 5. (A)
Heatmaps from each donor of the Morisita similarity index measuring
TCR composition overlap between the different clusters; index ranging
between 0 as minimal and 1 as maximal similarity. (B) Dot plot showing
either protein or gene expression of signature markers that defined
clusters from Figure 5D. Dot plot heatmap showing the average
expression (colour) and percentage of cells (dot size) expressing the
indicated genes or proteins. Clusters 1, 4, 7 and 12 have been
highlighted with the corresponding cluster colour for ease of
comparison (n=4 patients).
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Figure S7. Phenotypic comparison of synovial CD8+CD103- and CD4+CD103- clusters in patients with PsA and
RA; Related to Figure 6. Cumulative data showing the median arcsinh-transformed expression of the markers across
the significantly enriched CD8+CD103- (A) or CD4+ CD103- cell clusters in either PsA (red) or RA (blue) from Figure
6. Boxplots show median and IQR. Data analysed by multiple Mann-Whitney tests and *p<0.05 . Data from patients
with PsA (n=8) or RA (n=5) are shown.
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