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Juvenile idiopathic arthritis (JIA) is the most common chronic rheumatic condition in childhood. The disease etiology
remains largely unknown; however, a key role in JIA pathogenesis is surely mediated by T cells. T-lymphocytes activity
is controlled via signals, known as immune checkpoints. Delivering an inhibitory signal or blocking a stimulatory signal
to achieve immune suppression is critical in autoimmune diseases. However, the role of immune checkpoints in chronic
inflammation and autoimmunity must still be deciphered. In this study, we investigated at the single-cell level the
feature of T cells in JIA chronic inflammation, both at the transcriptome level via single-cell RNA sequencing and at the
protein level by flow cytometry. We found that despite the heterogeneity in the composition of synovial CD4+ and CD8+

T cells, those characterized by PD-1 expression were clonally expanded tissue-resident memory (Trm)-like cells and
displayed the highest proinflammatory capacity, suggesting their active contribution in sustaining chronic inflammation
in situ. Our data support the concept that novel therapeutic strategies targeting PD-1 may be effective in the treatment
of JIA. With this approach, it may become possible to target overactive T cells regardless of their cytokine production
profile.
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Introduction

Juvenile idiopathic arthritis (JIA) is a heterogeneous group of
chronic inflammatory arthritides of unknown etiology affecting
children under 16 years of age and causing short- and long-term
disability [1–3]. Previous studies suggested a central role of T cells
in JIA pathogenesis [4, 5]. Indeed, CD4+ and CD8+ T cells with
an activated phenotype are elevated within affected joints [6]. It
has been shown that alterations in T-cell co-stimulatory and co-
inhibitory immune checkpoint (IC) molecules, responsible for reg-
ulating the immune response, lead to the development of chronic
inflammatory and autoimmune diseases [7, 8]. The expression of
high levels of IC with inhibitory function on activated T cells is a
physiological phenomenon crucial to avoid an excessive response,
which can result in tissue damage. Indeed, these pathways lead
to exhaustion and functional inactivation of T cells and, accord-
ingly, T cells expressing IC, especially PD-1 and CTLA-4, which
are enriched in tumor infiltrates. Monoclonal antibodies inhibit-
ing PD-1 or CTLA-4, thus, reactivate latent antitumoral immunity,
and are currently approved for many neoplastic diseases. In con-
trast, only a few studies have evaluated the role of ICs in inflam-
matory diseases [9]. Chronic inflammatory diseases are typically
sustained by overactive T cells, thus, understanding how their
functionality can be regulated is of primary importance. Indeed,
the identity and dynamics of T cells as well as their functional
differentiation stage at sites of inflammation are still largely unex-
plored, and an in-depth analysis of these aspects can pave the way
for new therapeutic approaches.

In the present study, we performed a detailed characterization
at the single-cell level of T cells in children with JIA. We found that
although IC expression is increased on synovial fluid (SF) T cells
of JIA patients, PD-1-expressing lymphocytes retain their effector
capacity, producing high levels of proinflammatory cytokines. Our
results also point out that these effector T cells express markers of
tissue residency, suggesting their active contribution in sustaining
chronic inflammation in situ.

Results

SF of JIA patients is enriched in CD4+ T cells
expressing TIGIT and PD1

To identify subsets of T cells sustaining chronic inflammation in
JIA, we reanalyzed publicly available single-cell RNA-sequencing
(scRNA-seq) data of memory CD4+ and CD8+ T cells derived from
six SF and six peripheral blood (PB) samples of oligoarticular JIA
patients [10] (GSE160097). Total CD4+ T cells from all patients
were characterized separately from CD8+ T cells.

To proceed with our analysis, we first evaluated the scRNA-seq
dataset composition to confirm Maschmeyer et al.’s observations
[10]. Visualizing data through the uniform manifold approxima-
tion and projection (UMAP) algorithm and coloring cells based
on their tissue origin, we observed that CD4+ T cells from both
PB and SF grouped separately, as for the author dataset (Support-

ing Information Fig. S1A). Next, we clustered the data, obtain-
ing seven groups (Supporting Information Fig. S1B and C), and
confirmed their nature by looking for the expression of canon-
ical markers from key immune cell types, states and pathways,
already used by Julé et al. [11] (Supporting Information Fig. S1D)
and genesets adopted by Maschmeyer et al. (Supporting Infor-
mation Fig. S1G and H). We identified three clusters dominated
by cells with a T-central memory (Tcm) profile (SELL, CCR7, and
TCF7) deriving mainly from PB, two clusters with a T-effector sig-
nature, one cluster with tissue-resident memory (Trm) features,
and one cytotoxic (Supporting Information Fig. S1B–D). Among
Tcm clusters, one showed an enrichment of Th17-associate genes,
such as KLRB1, CCR6, RORC, and CTSH (Tcm-TH17-like) (Sup-
porting Information Fig. S1D–F), while another showed upreg-
ulation of IFN-induced genes (IFN stimulated). Notably, some
cells of the IFN-stimulated cluster expressed a gene set typical
of cycling T cells (REACTOME_CELL_CYCLE) (Supporting Infor-
mation Fig. S1G and H). On the other hand, the remaining four
clusters contained the majority of SF cells. In particular, the Trm
cluster showed a Trm gene signature and an enrichment of genes
indicating TCR stimulation (Supporting Information Fig. S1G and
H). In addition, we observed that Cytotoxic CD4+ T-cell cluster
expressed high levels of the cytotoxic markers GZMA and PRF1,
along with the activation marker HLA-DRB1, and low levels of
ribosomal genes (Supporting Information Fig. S1E). Interestingly,
both Trm and cytotoxic CD4+ T clusters expressed high levels of
the IC PDCD1 (Supporting Information Fig. S1D). PDCD1 was also
expressed by the Teff-TIGIT+ cluster, which was also character-
ized by the expression of additional IC such as TIGIT and CTLA-4.
The high expression of IC markers suggests chronic reactivation of
these lymphocytes in vivo. Finally, Trm and Teff-TIGIT+ cells con-
tained cells resembling both Th1 (CXCR3, TBX21, IFNG) and Th17
(KLRB1, CCR6, RORC) signatures, suggesting a bona fide Th17-
derived (nonclassic) Th1 phenotype (Supporting Information Fig.
S1D and F). These results confirmed the notion of a prevalence of
Th1- and Th17-like CD4+ T cells in the SF of JIA patients [12–14].

To evaluate the relationships between these populations and
define their differentiation processes, we performed a trajectory
analysis using the tool Slingshot. The lineage inference identi-
fied a trajectory that originated from the PB cluster Tcm, passed
through the PB Tcm clusters IFN-stimulated and Tcm–TH17-like,
and then bifurcated on SF cluster Teff-KLRB1+. The resulting
two branches terminated their paths on SF clusters Teff-TIGIT+

and Trm respectively, both characterized by an enrichment of
effector- and resident-memory-like genes (Fig. 1A–C). Interest-
ingly, terminal clusters Teff-TIGIT+ and Trm differed for cytotox-
icity marker expression; indeed, we observed a decline in cyto-
toxic gene levels through branch 1, while they increased along
branch 2 (Fig. 1B and C). Moreover, as observed before, both ter-
minal clusters showed high levels of ICs PDCD1 and TIGIT. In par-
ticular, we observed an increased expression of TIGIT alone or
co-expressed with PDCD1 in terminal cluster Teff-TIGIT+. On the
contrary, branch 2 was mainly characterized by PDCD1 expres-
sion, reaching the highest levels in terminal clusters Cytotoxic
CD4+ T and Trm (Fig. 1B and D). Importantly, both terminal
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Figure 1. Increased expression of inhibitory checkpoint molecules by SF-infiltrating CD4+ T cells. (A) Slingshot trajectory obtained from scRNA-seq
data of pooled CD4+CD45RO+ cells obtained from PB and SF of six patients impressed over identified clusters. (B and C) Modules score of gene sets
(NAÏVE_VS_EFF_MEMORY_CD4_TCELLS_DN and TRM_CELLS_UP) and of PDCD1, TIGIT and CTL genes are reported for each cluster as Violin plot.
Clusters are divided based on the trajectory lineage: (B) Branch 1 and (C) Branch 2. (D) UMAP visualization of pseudotime trajectory together with
the differential expression of ICs markers TIGIT and PDCD1, reported as density lines. (E) Representative example (out of 22 experiments) showing
gating strategy of CD4+ T cells expressing PD-1 and TIGIT in PB and SF. Lymphocytes were gated based on physical parameters (FSC-SSC), then
doublets were removed using FSC-A and FSC-H parameters. Dead cells were excluded using viability stain and T cells were identified as CD3+.
We then identified CD4+ cells on which we evaluated TIGIT, PD-1, CD69, and CD103 expression. (F) Expression of PD-1 and TIGIT on total CD4+ T
cells obtained from PB (n = 22) and SF (n = 22). (G) Frequency of CD4+ T cells in TIGIT−PD-1−, TIGIT−PD-1+, TIGIT+PD-1+, TIGIT+PD-1− subsets. (H)
Evaluation of CD69 and CD103 expression on total CD4+ T cells (n = 22) and in TIGIT−PD-1−, TIGIT−PD-1+, TIGIT+PD-1+, TIGIT+PD-1− subsets (I,
J). Flow cytometric data (F-J) are obtained from 22 independent experiments. Red dots represent SF cells and blue dots represent PB lymphocytes
from individual donors. Boxes indicate mean values and 25th and 75th percentiles. Whiskers indicate minimum and maximum values. Statistical
analysis was performed by Wilcoxon-Signed Rank test (*p < 0.05, **p < 0.01, ***p < 0.001).
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clusters Teff-TIGIT+ and Trm showed a typical activated and effec-
tor gene signature, which is in contrast with the presence of high
levels of ICs usually associated with an exhausted phenotype.

To gain more insights on this phenomenon, we also investi-
gated by flow cytometry the expression of the two distinctive ICs,
PD-1 and TIGIT. Using the gating strategy shown in Fig. 1E, we
observed that CD4+ T cells from SF displayed significantly higher
expression of both PD-1 and TIGIT, when compared to PB (Fig.
1F and H). The combinatorial expression of the two ICs defined
four distinct subsets: TIGIT−PD-1−, TIGIT−PD-1+, TIGIT+PD-1+,
TIGIT+PD-1−. CD4+ T cells with a TIGIT−PD-1− phenotype were
preferentially enriched in PB as opposed to SF. On the contrary,
TIGIT−PD-1+ and TIGIT+PD-1+ cells were present at higher fre-
quencies in SF. TIGIT+PD-1− cells were poorly represented and
showed comparable frequencies in PB and SF (Fig. 1G).

Since scRNA-seq data showed that CD4+ T cells from SF can
also express typical genes of tissue residency (Fig. 1B and C), we
evaluated at the protein level the expression of CD69 and CD103,
markers of tissue residency. CD4+ T cells from SF showed a sig-
nificantly higher expression of both CD69 and CD103 compared
to PB (Fig. 1H). Remarkably, T cells with a TIGIT+PD-1+ pheno-
type expressed the highest levels of both CD69 and CD103, fol-
lowed by the TIGIT−PD-1+ population. The TIGIT−PD-1− and the
TIGIT+PD-1− subsets instead exhibited the lowest percentage of
cells expressing Trm markers (Fig. 1I and J).

Phenotypic and functional characterization of SF CD4+

T cells

We assessed the functional properties of the different CD4+ T-cell
subsets by measuring the production of several cytokines (IL-2,
IFN-γ, TNF-α, GM-CSF, IL-17, IL-10) directly ex vivo via scRNA-
seq or following restimulation by flow cytometry.

Cytokine expression projected on pseudotime trajectory and
dot plot showed that IFNG and TNF were mainly expressed by
T cells from SF (Fig. 2A and B). In particular, cells of terminal
cluster Trm expressed both TNF and IFNG, while cells of termi-
nal cluster Teff-TIGIT+ expressed a lower amount of proinflam-
matory cytokines (Fig. 2B). Consistent with data observed at the
single-cell transcriptomic level, flow cytometric data showed that
SF CD4+ T cells produced significantly more IFN-γ, TNF-α, GM-
CSF, and IL-10 compared to PB (Fig. 2C). On the contrary, no
differences were observed in terms of IL-2 and IL-17 production.

Focusing on cytokine production by the four subsets identified
based on TIGIT and PD-1 expression (Fig. 2D–I), we observed
that SF CD4+ T cell subsets produced higher levels of IFN-γ,
TNF-α, GM-CSF compared to the corresponding PB populations,
while IL-2, IL-17, and IL-10 production was comparable. Focus-
ing on SF CD4+ T cells, we found that IFN-γ, TNF-α, GM-CSF,
and IL-2 were significantly more expressed by the TIGIT−PD-1+

subset, followed by the TIGIT−PD-1− and TIGIT+PD-1+ popula-
tions. The TIGIT+PD-1− population instead exhibited the lowest
percentage of cells producing these cytokines. Regarding IL-10,
it was mainly produced by TIGIT−PD-1+ and TIGIT+PD-1+ cells,

although at significantly lower frequency than proinflammatory
cytokines. The same hierarchy could be observed also in the four
CD4+ T-cell subsets from PB, with the exception of the TIGIT−PD-
1− subset, which produced the lowest percentage of all analyzed
cytokines, differently from what we observed in SF.

TCR repertoire analyses reveal clonal relationship of
synovial CD4+ T cells

To gain insight into the clonal relationship among individual
CD4+ T cells, we reconstructed their TCR sequences from scRNA-
seq data. The majority of clonotypes were private singletons (Sup-
porting Information Fig. S2A) and only 2–7% of patient PB clono-
types were clonally expanded contrary to the 12–19% deriving
from SF (Fig. 3A). Interestingly, among the seven identified clus-
ters, the Trm cluster showed the highest proportion of clonally
expanded cells (Fig. 3B) and, consistent with this observation,
had the lowest alpha diversity of clone types, suggesting a positive
selection for certain, reactive T-cell clones (Supporting Informa-
tion Fig. S2B). This observation was supported also by the trajec-
tory analysis, which showed an enrichment of expanded clones
at the end of branch 2, which terminates on the Trm cluster
(Fig. 3C). Analyzing more in detail the clonal expansion in the
two branches of the trajectory, we observed an increase of clonal
expansion along the pseudotime in both branches (Fig. 3D and
E). To understand if the two trajectories identified by trajectory
analysis represent mutually exclusive lineages or alternatively can
evolve one in the other, we evaluated the distribution of TCRs in
the seven identified clusters. Notably, as shown in Fig. 3F, the
most expanded clones (i.e. 3842 and 4663) were shared between
trajectory terminal clusters Trm and Teff-TIGIT+. These observa-
tions suggest that CD4+ cells of different clusters might undergo
state transitions upon proper microenvironmental stimulation.

Phenotypical and functional characterization of SF
CD8+ T cells

The same approach was used to dissect the diversity of CD8+ T
cells. Also in this case, UMAP visualization colored by tissue ori-
gin showed that CD8+ T cells from PB and SF grouped separately,
with few exceptions (Supporting Information Fig. S3A). Next, we
clustered the data, obtaining eight groups (Supporting Informa-
tion Fig. S3B and C), and confirmed their nature as for CD4+ T
cells. In particular, we identified two Tcm clusters, three Teff clus-
ters, a Trm population, along with an IFN-stimulated cluster and
an interesting cluster defined as NKT-KLRB1 (Supporting Infor-
mation Fig. S3B–D).

Looking at the UMAP visualization, we observed that the NKT-
KLRB1 cluster segregates separately from other CD8+ T cells.
Interestingly, these cells expressed high levels of KLRB1, CCR6,
RORC, IL7R, IL23R, IL17RE and cytotoxic genes such as PRF1,
GZMA, and low levels of CD8B gene (Supporting Information Figs.
S3D and S4), resembling a gene signature already described and
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Figure 2. Functional characterization of PB and SF CD4+ T-cell subsets expressing distinct combinations of inhibitory checkpoints. (A) Dot plot
representation of scRNA-seq data showing the mean expression of cytokine genes in pooled CD4+CD45RO+ T cells from PB and SF of six patients.
The size of the dot is proportional to the percentage of cells expressing the gene in that cluster, and the color code illustrates the average level
of expression of all cells in the cluster. (B) UMAP visualization of CD4 cells colored by cytokines expression levels. (C) Frequency of total CD4+ T
cells producing cytokines (IL-2, IFN-γ, TNF-α, GM-CSF, IL-17, IL-10). Frequency of CD4+ T cells subsets (TIGIT−PD-1−, TIGIT−PD-1+, TIGIT+PD-1+,
TIGIT+PD-1−) producing IL-2 (D), IFN-γ (E), TNF-α (F), GM-CSF (G), IL-17 (H), IL-10 (I). (C-I) T cells were obtained from PB (blue dots) (n = 16) and SF
(red dots) (n = 16) samples. Flow cytometric data (C-I) are obtained from 16 independent experiments. Boxes indicate mean values and 25th and
75th percentiles. Whiskers indicate minimum and maximum values. Statistical analysis was performed by Wilcoxon-Signed Rank test (*p < 0.05,
**p < 0.01, ***p < 0.001). Red asterisks refer to paired statistics of PB compared to SF samples. Black asterisks represent paired statistics within each
TIGIT and PD-1 subsets in SF samples.
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Figure 3. Single-cell TCR profiling of PB and SF CD4+ T lymphocytes. Bar plots showing the clonal expansion of CD4+ T cells from PB and SF of
six patients (A) divided based on tissue origin or (B) divided in the identified clusters, each color represents the number of cells within the same
TCR. (C) UMAP visualization of pseudotime trajectory together with clone size score in a logarithmic scale. Visualization of clone size as Violin plot
in branch 1 (D) and branch 2 (E) clusters. (F) Heatmap showing the presence or absence of a specific clone in all identified cluster, the color code
illustrates the relative abundance of each clone in the corresponding cluster. Clones are grouped by clone size and only clones with≥5 cells were
shown.

attributed to NKT cells [15, 16] and a particular subset of innate-
like CD8+ T cells [17]. The two Tcm clusters, enriched in cells
with Tcm profile (SELL, CCR7, and TCF7), differed for CXCR3
gene expression, thus, were defined as Tcm and Tcm-CXCR3+,
respectively. Interestingly, these clusters showed very low levels
of cytotoxicity markers compared with other PB clusters (Sup-
porting Information Fig. S4D–F). One Teff cluster (Teff-GNLY+)
showed high levels of effector markers compared to the other
PB cells, and in particular, expressed high levels of the cytotoxic
molecules and the gene GNLY. Another Teff cluster (CD8 TIGIT+)
composed both by PB and SF cells, comprised cells with high lev-
els of TIGIT expression. Interestingly, the majority of SF cells were
contained in two clusters: the Trm cluster with a Trm signature
and the CD8-Teff cluster, showing high levels of cytotoxic mark-
ers GZMA and PRF1 along with activation marker HLA-DRB1, the
ICs PDCD1, TIGIT, LAG3 (Supporting Information Fig. S3D–F) and
low levels of ribosomal genes (Supporting Information Fig. S3C).
In addition, we observed the IFN-stimulated cluster comprising
all CD8+ cycling cells both from PB and SF samples (Supporting
Information Fig. S3D–F).

Next, as for CD4+ cells, we performed a trajectory analysis to
define the cell differentiation stages of CD8+ T cells (Fig. 4A). The
Slingshot algorithm identified a trajectory that originated from
the Tcm-CXCR3+ cluster (composed both by PB and SF cells) and
branched out in four directions, terminating on two PB clusters

(NKT-KLRB1 and Teff-GNLY+) and two SF clusters (Trm and CD8-
Teff). Branch 1 terminated on the NKT-KLRB1 cluster, containing
cells resembling NKT or innate CD8+ T-cell signatures (Fig. 4B),
on the other hand, branch 2 ended on the Teff-GNLY+ cluster,
which expressed high levels of cytotoxicity markers, along with
NKT-KLRB1 cluster (Fig. 4C).

Branches 3 and 4 instead terminated their paths on SF clusters
CD8-Teff and Trm, respectively, both characterized by an enrich-
ment of resident-memory-like genes (Fig. 4D and E). As for CD4+

T cells, also in this case, we retrieved PDCD1 and TIGIT expression
in terminal SF clusters, while there was no expression in the termi-
nal PB ones. In particular, the CD8-Teff terminal cluster, contained
the majority of cells expressing higher levels of both PDCD1 and
TIGIT, resembling the terminal cluster Teff-TIGIT+ of CD4+ cells
(Fig. 4B–F). Interestingly, the CD8-Teff cluster, together with high
levels of ICs, expressed also the highest level of the exhaustion
markers TOX (Supporting Information Fig. S5).

For these reasons, we investigated by flow cytometry the
expression of TIGIT and PD-1 molecules by CD8+ T cells obtained
from PB and SF samples (see Fig. 4G for gating strategy). CD8+

T cells showed a significantly higher expression of both TIGIT
and PD-1 in SF compared to PB (Fig. 4H). The combinatorial
expression of the two ICs defined four populations: TIGIT−PD-
1−, TIGIT−PD-1+, TIGIT+PD-1+, and TIGIT+PD-1−. However, as
already observed by scRNA-seq analysis, we also confirmed at pro-
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Figure 4. Increased expression of inhibitory checkpoint molecules by SF-infiltrating CD8+ T cells. (A) Slingshot trajectory obtained from scRNA-seq
data of pooled CD8+CD45RO+ cells obtained from PB and SF of six patients impressed over identified clusters. (B-D) Modules score of gene sets
(NAÏVE_VS_EFF_MEMORY_CD4_TCELLS_DN and TRM_CELLS_UP) and of PDCD1, TIGIT and CTL genes are reported for each cluster as violin plot.
Clusters are divided based on the trajectory lineage: (B) branch 1, (C) branch 2, (D) branch 3, and (E) branch 4. (F) UMAP visualization of pseudotime
trajectory together with the differential expression of ICs markers TIGIT and PDCD1, reported as density lines. (G) Representative example (out
of 22 experiments) showing gating strategy of CD8+ T cells expressing PD-1 and TIGIT in PB and SF. Lymphocytes were gated based on physical
parameters (FSC-SSC), then doublets were removed using FSC-A and FSC-H parameters. Dead cells were excluded using viability stain and T cells
were identified as CD3+. We then identified CD8+ cells on which we evaluated TIGIT, PD-1, CD69, and CD103 expression. (H) Expression of PD-1 and
TIGIT on total CD8+ T cells obtained from PB (n = 22) and SF (n = 22). (I) Frequency of CD8+ T cells in TIGIT−PD-1−, TIGIT−PD-1+, TIGIT+PD-1+,
TIGIT+PD-1− subsets. (J) Evaluation of CD69 and CD103 expression on total CD8+ T cells and in TIGIT−PD-1−, TIGIT−PD-1+, TIGIT+PD-1+, TIGIT+PD-
1− subsets (K,M). Green dots represent SF cells and orange dots represent PB lymphocytes from individual donors. Flow cytometric data (H-M) are
obtained from 22 independent experiments. Boxes indicatemean values and 25th and 75th percentiles.Whiskers indicateminimumandmaximum
values. Statistical analysis was performed by Wilcoxon-Signed Rank test (*p < 0.05, **p < 0.01, ***p < 0.001).
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tein level that CD8+ T cells expressing PD-1 but lacking TIGIT are
very rare. Similarly to CD4+ T cells, TIGIT−PD-1− CD8+ T cells
were enriched in PB compared to SF, while CD8+ T cells express-
ing at least one IC (TIGIT−PD-1+, TIGIT+PD-1+, TIGIT+PD-1−)
were present at higher frequencies in SF (Fig. 4I).

Mirroring CD4+ T cells, CD8+ T cells displayed a significantly
higher expression of CD69 and CD103 in SF compared to PB
(Fig. 4J) and CD8+ T cells with a TIGIT+PD-1+ and TIGIT−PD-1+

phenotypes expressed the highest levels of both CD69 and CD103
(Fig. 4K and L).

To evaluate the effector function of the identified CD8+ T-
cells subset, we analyzed cytokine production both via scRNA-
seq and by flow cytometry. In analogy to CD4+ T lymphocytes,
also for CD8+ T cells (Fig. 5A and B) pseudotime representation
of cytokine expression and dot plot showed that IFNG and TNF
were mainly expressed by SF terminal clusters CD8-Teff and Trm.
These data were confirmed at protein level by flow cytometry. We
observed a significantly higher production of IFN-γ, TNF-α, and
GM-CSF in SF compared to PB (Fig. 5C). IL-2, IL-17, and IL-10
were instead comparable between the two tissues.

Focusing on the four subsets identified based on TIGIT and
PD-1 expression (Fig. 5D–I), all the analyzed cytokines were pro-
duced at higher levels by SF subsets than in PB-derived cells, with
the exception of IL-17 and IL-10, which were produced at com-
parable levels. Regarding SF CD8+ T cells, IL-2, IFN-γ, TNF-α,
and IL-10 production was higher in TIGIT−PD-1+ and TIGIT+PD-
1+ subsets, followed by the TIGIT−PD-1− and TIGIT+PD-1− pop-
ulations. The production of GM-CSF instead was higher in the
TIGIT−PD-1− and TIGIT−PD-1+ subsets. Among PB CD8+ T-cell
subsets, no differences in cytokine production were observed,
with the exception of the TIGIT−PD-1− population, which pro-
duced the lowest percentage of all analyzed cytokines.

Characterization of synovial CD8+ T cells’ clonal
expansion by TCR repertoire analysis

To gain insight into CD8+ T cells clonality, we investigated their
full-length TCR sequence from scRNA-seq data. As for CD4+ T
cells, the majority of clonotypes were private singletons (Support-
ing Information Fig. S6A), however, we observed a high degree
of clonal expansion in both CD8+ PB and SF cells (Fig. 6A). This
finding agrees with data showing that CD8+ T cells are gener-
ally more expanded than CD4+ cells [18]. Interestingly, among
the eight identified clusters, PB cluster Teff-GNLY+ and SF clus-
ter CD8-Teff showed the highest proportion of clonally expanded
cells (Fig. 6B) and the lowest alpha diversity (Supporting Informa-
tion Fig. S6B). This observation is supported also by the trajectory
analysis, which shows an enrichment of expanded clones at the
end of branches 2 and 3, which terminate on clusters Teff-GNLY+

and CD8-Teff, respectively (Fig. 6C–G). Also in CD8+ T cells, we
observed that many expanded clones were shared between clus-
ters, such as clones 910 and 2660 (shared by cluster CD8-Teff and
IFN stimulated) or 14 (shared by PB cluster Teff-GNLY+ and SF
cluster CD8-TIGIT+) (Fig. 6H). This analysis revealed overlapping

clones from PB and SF, suggesting that CD8+ T cells that locally
expanded at sites of inflammation recirculate in the periphery.

Discussion

T-cell activity is finely regulated by IC molecules that provide
stimulatory or inhibitory signals. Inhibitory ICs are commonly
upregulated following T-cell activation and in the course of
chronic inflammation to constrain T-cell responses and avoid tis-
sue damage. Providing an inhibitory signal or blocking a stimula-
tory signal to achieve immune suppression is desirable for treat-
ing autoimmune diseases [19]. In keeping with this, abatacept,
a humanized fusion protein targeting the CTLA-4 axis, approved
for rheumatoid arthritis and polyarticular JIA treatment,
can improve symptoms and reduce inflammation by suppressing
T-cell responses [20–22]. However, an in-depth characterization
of the role of IC expression by T cells in rheumatic diseases and,
in particular, in JIA is still missing. In this study, we investigated at
single-cell level the feature of T cells in JIA chronic inflammation
both at sites of active inflammation.

Our results showed a prevalence of effector memory T cells in
SF, which were antigen experienced and chronically reactivated,
as suggested by the increased expression of ICs [23–25].

Dissecting the composition of CD4+ T cells, we observed a
heterogeneous pattern of gene expression in SF clusters due to
different expression levels of Trm markers, effector genes, and
ICs. Despite this high heterogeneity, based on trajectory analy-
sis, we could identify two main SF T-cell lineage. Both SF tra-
jectory branches showed high expression of genes typical of the
Th1- and Th17- like phenotypes. This result is in accordance with
other studies, which demonstrated the predominance of classi-
cal Th1, or nonclassical (Th17-derived) Th1 cells in the inflamed
joints of children with JIA [26]. Moreover, the enrichment of IFN-
γ–producing CD4+ T cells in the SF has been associated with
an extended disease course, suggesting that this population may
drive severe disease [11, 12, 27]. Cells of both terminal branches
exhibited characteristics of pathogenic cells in chronic inflam-
mation. Cells of branch 2 showed the highest cytotoxic function
despite the high expression of PDCD1. Interestingly, some cells of
branch 2 terminal cluster Trm exhibited a Trm-like gene signature
and expressed high levels of TNF and IFNG, indicating that they
reside in the synovia and may support activation of myeloid cells
involved in chronic inflammation [28]. Notably, Th1 cells, which
produce high IFNG levels, have been already reported in JIA initia-
tion and progression due to their high proinflammatory capability
[13]. Terminal cluster Teff-TIGIT+ instead was characterized by
expression of both TIGIT and PDCD1 and a lower cytotoxic capa-
bility. These results at the transcriptomic level highlight that CD4+

T lymphocytes of JIA patients, once inside the inflamed joints,
are prone to differentiate into cells with a high effector function
despite the expression of inhibitory ICs, such as TIGIT and PDCD1,
and to acquire a tissue-residency phenotype.

These findings were also confirmed at the protein level. In par-
ticular, flow cytometry data demonstrated that SF samples were
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Figure 5. Functional characterization of PB and SF CD8+ T-cell subsets expressing distinct combinations of inhibitory checkpoints. (A) Dot plot
representation of scRNA-seq data showing the mean expression of cytokine genes in pooled CD8+CD45RO+ T cells from PB and SF of six patients.
The size of the dot is proportional to the percentage of cells expressing the gene in that cluster, and the color code illustrates the average level
of expression of all cells in the cluster. (B) UMAP visualization of CD8 cells colored by cytokines expression levels (C) Frequency of total CD8+

T cells producing cytokines (IL-2, IFN-γ, TNF-α, GM-CSF, IL-17, IL-10). Frequency of CD8+ T-cell subsets (TIGIT−PD-1−, TIGIT−PD-1+, TIGIT+PD-1+,
TIGIT+PD-1−) producing IL-2 (D), IFN-γ (E), TNF-α (F), GM-CSF (G), IL-17 (H), IL-10 (I). (C-I) T cells were obtained from PB (green dots) (n = 16) and SF
(orange dots) (n = 16) samples. Flow cytometric data (C-I) are obtained from 16 independent experiments. Boxes indicate mean values and 25th
and 75th percentiles. Whiskers indicate minimum and maximum values. Statistical analysis was performed by Wilcoxon-Signed Rank test (*p <

0.05, **p < 0.01, ***p < 0.001). Red asterisks refer to paired statistics of PB compared to SF samples. Black asterisks represent paired statistics within
each TIGIT and PD-1 subset in SF samples.
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Figure 6. Single-cell TCR profiling of PB and SF CD8+ T lymphocytes. Bar plots showing the clonal expansion of CD8+ T cells from PB and SF of six
patients (A) divided based on tissue origin or (B) divided in the identified clusters, each color represents the number of cells within the same TCR.
(C) UMAP visualization of pseudotime trajectory together with clone size score in a logarithmic scale. Visualization of clone size as Violin plot in
branch 1 (D), branch 2 (E), branch 3 (F), and branch 4 (G) clusters. (H) Heatmap showing the presence or absence of a specific clone in all identified
cluster, the color code illustrates the relative abundance of each clone in the corresponding cluster. Clones are grouped by clone size and only
clones with≥5 cells were shown.

enriched in CD4+ T cells with a TIGIT−PD-1+ and a TIGIT+PD-
1+ phenotype. This observation indicates a prevalence of T cells
expressing PD-1 in SF. Despite the fact that PD-1 is involved in the
acquisition of an exhausted phenotype by T cells in cancer [29], it
is a marker of activation and defines antigen-experienced T cells
[30]. In agreement with this observation, high expression of ICs,
such as PD-1, LAG3, and TIGIT, has already been observed on T
cells obtained from the SF of patients with rheumatoid arthritis
[31], raising the question whether these cells represent an effec-
tor rather than a functionally impaired cell subset. Our findings
demonstrate that PD-1-expressing synovial infiltrating CD4+ T
lymphocytes are highly proinflammatory, as they express a sig-
nificant amount of proinflammatory cytokines in vivo, following
restimulation ex vivo.

Interestingly, studying the individual TCR α–β pairs of CD4+ T
cells, we found that cells of terminal cluster 3, expressing high lev-
els of PDCD1 and producing proinflammatory cytokines, included
the highest proportion of clonal cells, further suggesting their
roles in sustaining chronic inflammation.

We used the same approach to dissect the diversity of CD8+

T cells. Most CD8+ cells derived from both tissues, PB and SF,
expressed high levels of granzymes and other cytotoxic genes,
according to their cytotoxic nature. Based on trajectory analysis,
we could identify two SF terminal clusters (CD8-Teff and Trm), in
particular, cluster Trm was characterized by cells showing a Tc1-
like phenotype with expression of CXCR3, STAT1, STAT2, TBX21,

and IFNG. On the other hand, terminal cluster CD8-Teff resembled
the high proinflammatory profile of synovial CD4+ T cells, char-
acterized by high expression of cytotoxic genes, IFNG and Trm
markers together with IC molecules, such as LAG3, TIGIT, and
PDCD1. Notably, most SF CD8+ cells, in combination with ICs,
expressed the transcription factor TOX, a marker associated with
T-cell exhaustion in cancer [32, 33]. However, TOX expression has
been associated also with a prolonged persistence of CD8+ T cells
during chronic viral infections and a promoted cytotoxic capacity
in autoimmunity [34, 35]. Accordingly, our findings showed that
TOX-expressing T cells retained their effector function and cyto-
toxic capability, corroborating the hypothesis that TOX expression
in CD8+ T cells is not exclusively linked with exhaustion, and in
chronic inflammation, it is associated with a highly polyfunctional
memory CD8+ T-cell subset.

Protein data by flow cytometry confirmed that most SF CD8+

T cells have a TIGIT+PD-1+ phenotype, and PD-1+ cells are
those with the highest proinflammatory phenotype, secreting high
levels of IFN-γ and TNF-α and showing the highest degree of
clonal expansion. Collectively, these findings confirm the data
observed on the CD4+ T-cell compartment and support that PD-
1-expressing T cells in SF are active, rather than suppressed, and
likely involved in sustaining chronic inflammation.

Recently, alongside circulating T cells, which are essential for
providing immune protection, Trm cells were found capable of
providing a better immunity in situ [36]. Trm cells have been
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detected in many solid tumors, and an increase of this population
in the tumor infiltrate has been correlated with a better prognosis
and greater efficacy of therapy with IC-inhibitors [37]. Trm cells
are also suspected of contributing to chronic inflammatory con-
ditions [38]. Specifically, CD4+ and CD8+ Trm populations are
found to be enriched in inflammatory diseases such as inflamma-
tory bowel diseases [39] and MS [40]. An increased presence of
CD8+ Trm cells has been previously found in JIA [41]. Here, we
found that also CD4+ T cells display features of tissue residency in
JIA. Notably, the highest expression of Trm markers was observed
on CD4+ and CD8+ T cells-expressing PD-1, thus, cells with a high
proinflammatory potential.

Collectively, our data demonstrate that despite the heterogene-
ity in the composition of synovial CD4+ and CD8+ T cells, those
characterized by PD-1 expression were clonally expanded and
displayed the highest proinflammatory capacity. In the last few
years, several research groups, including us, have focused their
efforts on understanding which is the main T-helper cell subset
involved in JIA pathogenesis. T cells infiltrating the synovial mem-
brane in JIA predominantly consist of Th1-skewed cells, which
were thought to have a central role in the pathogenesis of the
disease until the identification of Th17 subset. Up to now, the
respective role of Th17 and Th1 cells in the pathogenesis of JIA
is still debated, but both cell subsets play significant roles [42,
43], perhaps with different contributions in different patients or
in different phases of the disease. Our data support the concept
that novel therapeutic strategies targeting PD-1 may be effective
in the treatment of JIA. These therapies may include both deplet-
ing strategies as well as the use of biological drugs, such as PD-
1L-fusion proteins, capable to deliver an inhibitory signal on PD-
1-expressing T cells. With this approach, it may become possi-
ble to collectively identify and target overactive T cells without
the need to define their cytokine profile. By this way, the same
drug may be effective in patients with different disease activ-
ity, in which the T-cell populations sustaining the inflammation
can be different. Additional studies in vivo are needed to fully
elucidate this.

Materials and methods

Patients

The study cohort includes 22 children with JIA recruited at
the Pediatric Rheumatology Unit, Meyer Children Hospital, Flo-
rence, Italy. The diagnosis was made in accordance with the
International League of Associations for Rheumatology classi-
fication criteria for JIA [44]. From each patient we obtained,
at the time of active disease, PB and SF, the latter were
obtained during knee therapeutic arthrocentesis. Demographic
and clinical features of enrolled patients are summarized in
Supporting Information Table S1. The procedures followed in
the study were approved by local ethical committee on human
experimentation.

PBMCs and SF mononuclear cells were obtained following
density gradient centrifugation of samples using Lymphoprep
(Axis Shield Poc AsTM).

Single-cell RNA-seq data processing

Raw unique molecular identifier counts for CD4+ and CD8+ cells
from PB and SF of seven patients (GSE160097) were downloaded
from Gene Expression Omnibus. Data processing (including nor-
malization and identification of highly variable genes) and inte-
gration, and TCR analysis were performed with scanpy v1.9.1
[45] and scirpy v0.11.1 [46], respectively. A detailed description
of scRNA-seq data processing is reported in Supporting Informa-
tion (materials and methods section).

Immunophenotyping by flow cytometry

For lymphocyte cell subsets analysis by surface marker expression,
PBMNC and SFMNC were washed in PBS + BSA (0.5%) and then
stained for 15 min with fluorochrome-conjugated mAbs, using
panels described in Supporting Information Table S2. Samples
were acquired on a BD LSR II flow cytometer (BD Biosciences).

Intracellular cytokine production assay by flow
cytometry

PBMNC and SFMNC were polyclonally stimulated for 5 h with
PMA (10 ng/mL) and ionomycin (1 μM) for 5 h, the last three
in the presence of Brefeldin A (5 μg/mL). Cells were then fixed
in formaldehyde 2% (15 min at RT), washed in PBS + BSA
(0.5%), and stained intracellularly with fluorochrome-conjugated
mAbs using panels described in Supporting Information Table S3,
in a buffer containing the permeabilizing agent saponin (0.5%).
Samples were acquired on a BD LSR II flow cytometer (BD Bio-
sciences). The gating strategy is shown in Supporting Information
Fig. S7. All flow cytometric analyses were performed following
published guidelines [47].

Statistical analysis

For analysis of the significance of differences between conditions
or groups, the Mann-Whitney U test or the Wilcoxon test for
paired samples was used. p values less than 0.05 were considered
significant.
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