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Abstract

T cell-derived pro-inflammatory cytokines are a major driver of rheumatoid arthritis (RA) 

pathogenesis. Although these cytokines have traditionally been attributed to CD4 T cells, we 

have found that CD8 T cells are strikingly abundant in synovium and make more interferon 

(IFN)-γ and nearly as much tumor necrosis factor (TNF) as their CD4 T cell counterparts. Further, 

using unbiased high-dimensional single-cell RNA-seq and flow cytometric data, we found that 

the vast majority of synovial tissue and synovial fluid CD8 T cells belong to an effector CD8 T 

cell population characterized by high expression of granzyme K (GzmK) and low expression of 

granzyme B (GzmB) and perforin. Functional experiments demonstrate that these GzmK+ GzmB+ 

CD8 T cells are major cytokine producers with low cytotoxic potential. Using T cell receptor 

repertoire data, we found that CD8 GzmK+ GzmB+ T cells are clonally expanded in synovial 

tissues and maintain their granzyme expression and overall cell state in blood, suggesting they 

are enriched in tissue, but also circulate. Using GzmK and GzmB signatures, we found that 

GzmK-expressing CD8 T cells were also the major CD8 T cell population in the gut, kidney, and 

coronavirus disease 2019 (COVID-19) bronchioalveolar lavage fluid, suggesting that they form 

a core population of tissue-associated T cells across diseases and human tissues. We term this 

population tissue-enriched expressing GzmK or TteK CD8 cells. Armed to produce cytokines in 

response to both antigen-dependent and -independent stimuli, CD8 TteK cells have the potential to 

drive inflammation.

INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune disease characterized by both local 

and systemic inflammation. The discovery of human leukocyte antigen (HLA)-DRB1 

associations with RA have focused interest on CD4 T cells (1–3), and Th1 and Th17 

CD4+ helper cell subsets have long been considered the predominant cytokine-producing 

T cells in RA synovium (4, 5). However, CD8 T cells are also markedly expanded in 

RA synovial tissue and fluid compared to osteoarthritis (OA) synovium, and they express 

CD69 and HLA-DR, indicating that they are activated and performing effector functions (6, 

7). Previous work has shown that depletion of CD8 T cells in human synovial explants 

disrupted synovial architecture (8), suggesting that these cells play a vital role in the 

cellular interactions that drive RA. Moreover, HLA-B associations have been noted for both 

seropositive and seronegative RA (2, 9). Recently, we found that CD8 T cells from synovial 

tissue express interferon (IFN)-γ and tumor necrosis factor (TNF) transcripts at a similar 

or higher frequency compared to CD4 T cells from the same tissue sample, suggesting they 

may play an equal or even more important role than CD4 T cells in the tissue cytokine 

response in RA (10).

The Accelerating Medicines Partnership (AMP) RA/systemic lupus erythematosus (SLE) 

Network recently applied single-cell RNA-sequencing (scRNA-seq) to characterize the 

cellular composition of inflamed RA synovium (10). As part of this study, we found 

that CD8 T cells in synovial tissue have an unexpected transcriptomic profile, with high 
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abundance of granzyme K (GzmK) and IFN-γ gene expression and low expression of 

granzyme B (GzmB). This finding was surprising, as GzmK is typically considered to be 

transiently expressed in memory CD8 T cell populations and subsequently downregulated 

as CD8 T cells differentiate toward the GzmB+ effector cell phenotype seen in cytotoxic T 

lymphocytes (CTLs) (11, 12). Unlike GzmB, GzmK does not cleave caspases to initiate 

target cell apoptosis, so the function of these GzmK-expressing CD8 T cells in RA 

synovium is unclear.

Here, we present a dedicated investigation of CD8 T cells and other granzyme-expressing 

lymphocytes in inflamed synovial fluid and tissue from patients with RA. We found that 

the most abundant tissue CD8 T cell population expressed high concentrations of GzmK 

with intermediate or low concentrations of GzmB and perforin. These CD8 T cells were 

neither senescent nor exhausted, produced high concentrations of IFN-γ and TNF, and 

were clonally expanded in synovial tissues. Importantly, GzmK+ GzmB+ CD8 T cells could 

be rapidly activated by cytokines, similar to innate-like T cells. In fact, this CD8 T cell 

population was transcriptionally similar to mucosal-associated invariant T (MAIT) cells and 

invariant natural killer T (iNKT) cells. Together, our findings point toward a previously 

undescribed tissue CD8 T cell population with innate-like T cell properties that suggest a 

key role for these cells in driving inflammation, rather than in granule-mediated killing in 

inflamed tissues.

RESULTS

CD8 T cells are abundant in RA synovium and produce more IFN-γ than CD4 T cells

To determine the nature of T cell populations in RA, we analyzed mass cytometry data 

from the AMP RA/SLE Network and found that CD8 and CD4 T cells exhibit a similar 

magnitude of increase among total synovial cells in inflamed RA compared to OA (Fig. 1A). 

Since inflamed RA synovium contains drastically higher cell numbers due to an increase of 

both stromal and bone marrow-derived cells, we also assessed CD8 T cell frequency among 

total leukocytes. CD8 T cells represent 10 to 35% of all leukocytes in inflamed synovial 

biopsies from patients with RA, compared to only 5% of total leukocytes in OA (Fig. 1B). 

To address whether migration or proliferation patterns of CD8 T cells in synovial tissue and 

fluid matched those of CD4 T cells, we compared the frequencies of CD8 T cells among all 

T cells in RA blood, synovial fluid, and synovial tissue. CD8 T cells were enriched among T 

cells in the joint compared to blood, with frequencies nearly twice as high in synovial tissue 

and even higher in synovial fluid compared to blood from patients with RA (33.8 ± 10.1% 

and 43.9 ± 12.1% versus 17.6 ± 6.8%, respectively (mean ± SD)) (Fig. 1C).

To assess production of key cytokines by T cells in RA, we stimulated synovial fluid T cells 

with phorbol 12-myristate 13-acetate (PMA) and ionomycin. Upon stimulation, synovial 

fluid CD8 T cells produced large amounts of both IFN-γ and TNF, with a mean of 55% 

of CD8 T cells producing IFN-γ and 61% producing TNF (Fig. 1D). Importantly, synovial 

fluid CD8 T cells produced IFN-γ at a 1.6-fold (95% confidence interval 1.31–2.05) higher 

frequency than CD4 T cells from the same synovial fluid sample, and they represent more 

than half of all IFN-γ-producing cells on average despite being 40% of T cells (Fig. 1D 

and E). A smaller percentage of CD8 T cells produced TNF compared to CD4 T cells, 
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yet the CD8 T cells still represent about 35% of TNF-producing T cells (Fig. 1D and E). 

These findings indicate that CD8 T cells have the potential to play a major role in T cell 

cytokine-driven inflammation in RA synovium, a role previously ascribed primarily to CD4 

T cells.

The majority of CD8 T cells in RA synovial tissue and fluid express GzmK

To further investigate the nature of RA synovial tissue T cells, we assembled a dataset of 

4,111 scRNA-seq profiles of synovial tissue T cells by integrating data from several newly 

collected synovial tissue cell samples with publicly available scRNA-seq data (fig. S1A, 

table S1). Integration and unbiased clustering of the cells yielded five clusters (Fig. 1F). 

One of the three CD4 T cell clusters expressed CXCL13, characteristic of T peripheral 

helper (Tph) cells (13), and the remaining two CD4 T cell clusters expressed CCR7 and 

IL7R, markers of naïve and central memory T cell populations (Fig. 1G and H). The two 

CD8 T cell clusters, on the other hand, both exhibited activated effector cell profiles, with 

low expression of CCR7 and IL7R and high expression of transcripts encoding HLA-DR, 

CD69, IFN-γ, and TNF (Fig. 1G and H). Importantly, the largest CD8 T cell cluster was 

characterized by high expression of GZMK along with intermediate expression of GZMB 
and PRF1 (encoding perforin). In contrast, the smaller cluster expressed high abundance of 

PRF1, GNLY (encoding granulysin), and GZMB, consistent with a classical CTL phenotype 

(Fig. 1G and H).

To confirm these findings, we examined protein expression by immunohistology and flow 

cytometry. First, we assessed GzmK and GzmB protein expression in tissue sections from 

RA synovium (Fig. 1I). We identified a number of T cells that stained for both GzmK 

and GzmB, in addition to scattered cells expressing only GzmB or GzmK, confirming that 

GzmK+ GzmB+ T cells were abundant in synovium.

Next, we used flow cytometry to quantify GzmK+ GzmB+ CD8 T cells in synovial fluid 

and synovial tissue from patients with seropositive RA (fig. S1B and C). Consistent with 

the transcriptional and imaging data, both synovial fluid and synovial tissue exhibited 

enrichment of GzmK+ GzmB+ CD8 T cell populations and very low frequencies of GzmB+ 

CD8 T cells (Fig. 1J and K). In synovial fluid, GzmK+ GzmB+ CD8 T cells represented 

a four-fold higher percentage of CD8 T cells compared to healthy and RA blood (57.7 ± 

19.3% versus 9.6 ± 9.0% and 13.0 ± 13.6%, respectively (mean ± SD)) (Fig. 1J and K, 

fig. S2A). GzmK+ CD8 T cells represented the largest population in some synovial tissues, 

whereas GzmK+ GzmB+ CD8 T cells predominated in others; in contrast, cells expressing 

GzmB alone were consistently rare (31.8 ± 15.0% and 40.2 ± 27.6% versus 4.7 ± 2.7%, 

respectively (mean ± SD)) (Fig. 1J and K). In contrast, in healthy control blood, the majority 

of CD8 T cells expressed neither GzmB nor GzmK (Fig. 1J and K), consistent with the 

phenotype of naïve CD8 T cells. Blood from patients with seropositive RA exhibited a 

significant expansion of GzmB+ CD8 T cells (p=0.0075 and p=0.025 versus GzmK+ GzmB+ 

and GzmK+ CD8 T cells, respectively), representing about a third of all CD8 T cells, a 

two-fold increase compared to healthy control blood (31.1 ± 19.5% versus 13.4 ± 9.5% 

(mean ± SD)) (Fig. 1J and K and fig. S2A). Thus, even disregarding naïve CD8 T cells 

that did not expression GzmK or GzmB, the proportions of GzmK+, GzmK+ GzmB+, and 
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GzmB+ CD8 T cells are markedly different in RA synovial fluid and tissue compared with 

RA blood. RA synovial tissue and fluid was enriched for GzmK+ GzmB+ CD8 T cells, 

whereas RA blood was enriched for GzmB+ CD8 T cells. These findings align well with a 

recent report that soluble GzmK concentrations are higher in synovial fluid than in serum 

from patients with RA (14).

We found similar profiles of GzmK and GzmB expression among CD8 T cells from synovial 

fluid from patients with seronegative RA and spondyloarthritis (fig. S2B), indicating that 

the factors driving the enrichment of GzmK+ GzmB+ CD8 T cells are shared by other 

inflammatory arthritides. Interestingly, the pattern of expression of GzmK and GzmB was 

also similar in synovial tissue CD8 T cells from patients with osteoarthritis (fig. S2C), even 

though these samples have low numbers of T cells (Fig. 1A and B).

GzmK and GzmB mark transcriptionally distinct T cell subsets

We hypothesized that GzmK and GzmB are markers of distinct subsets of T cells. To test 

this hypothesis in an unbiased way, we integrated scRNA-seq data from 11,602 cells from 

19 RA synovial tissue samples, including four new RA synovial samples and 15 publicly 

available synovial samples (10), one RA synovial fluid sample, and three healthy control 

blood samples (see Methods, fig. S3A and B, table S1). Unbiased graph-based clustering 

of these cells yielded seven fine-grained clusters which formed three coarse-grained 

“metaclusters” corresponding to the differential expression of GZMK and GZMB (Fig. 2A 

to C). The Naïve metacluster included individual cluster 1 and was composed primarily of 

naïve cells that lack GZMK and GZMB but express CCR7 and SELL (CD62L) (Fig. 2C 

and D, fig. S3C). As expected, this metacluster was most enriched in healthy control blood 

(Fig. 2B). The GZMK+ metacluster was the largest metacluster in synovial tissue and fluid, 

comprised of individual clusters 2, 3, 4, and 5. This metacluster was characterized by high 

expression of GZMK with intermediate or low expression of GZMB (Fig. 2C and D). The 

GZMB+ metacluster, consisting of individual clusters 6 and 7, expressed GZMB largely 

without GZMK (Fig. 2C and D).

The GZMK+ metacluster and GZMB+ metacluster differed in expression of cytotoxic genes 

(Fig. 2C and D), as also seen in the synovial tissue dataset (Fig. 1F to H). Consistent 

with a CTL profile, the GZMB+ metacluster expressed a high abundance of transcripts 

encoding cytotoxic proteins granulysin (GNLY) and perforin (PRF1), and these clusters 

showed enrichment for gene pathways linked to CTL- and natural killer (NK) cell-mediated 

cytotoxicity (Fig. 2C to E, fig. S3C). On the other hand, the GZMK+ metacluster moderately 

expressed these genes, regardless of tissue source, and instead showed enrichment for gene 

sets involved in T cell activation and cytokine signaling. (Fig. 2C to E). Interestingly, 

individual cluster 5 expressed an intermediate abundance of GZMB (higher than clusters 2 

to 4, but lower than clusters 6 and 7), and this cluster also exhibited the highest expression of 

genes encoding HLA-DR, suggesting that this cluster includes the most activated cells (Fig. 

2C and D, fig. S3C).

The proportion of CD8 T cells in each cluster differs by tissue source (Fig. 2B), as predicted 

by the flow cytometry data (Fig. 1J and K). Compared to blood CD8 T cells, about twice 

as many synovial fluid and tissue CD8 T cells fell into the GZMK+ metacluster (Fig. 2B). 
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Of note, some of the cells in the GZMB+ metacluster of healthy control blood and synovial 

tissue are likely to be NK cells, as NK cells and cytotoxic GzmB+ CD8 T cells share many 

similar transcriptomic gene signatures and are therefore difficult to separate in single cell 

RNA-seq. Synovial fluid CD8 T cells, which were sorted to gate out NK cells, fall primarily 

into the GZMK+ metacluster (Fig. 2B), consistent with the protein data (Fig. 1J and K).

Synovial tissue CD8 T cells share GzmK expression with innate-like T cells

NK cells and innate-like T cells such as MAIT cells and iNKT cells also express GzmK and 

GzmB. We hypothesized that these cell types might share transcriptomic profiles with CD8 

T cell subsets that exhibit similar GzmK and GzmB expression patterns. To investigate this, 

we included in the scRNA-seq clustering single-cell profiles from sorted NK cells, MAIT 

cells, NKT cells, and Vδ1 and Vδ2 subsets of γδT cells, from a recent study of healthy 

blood cells by Gutierrez-Arcelus et al. (15). MAIT cells and iNKT cells localized to the 

GZMK+ metacluster (Fig. 2F), consistent with their expression of GzmK alone (fig. S4) 

(11). Importantly, none of the GZMK+ clusters were composed purely of innate-like T cells 

or NK cells, as the synovial fluid CD8 T cell dataset, which was sorted to exclude MAIT 

cells and contains very few (≤0.2%) NKT cells (16), was distributed among all GZMK+ 

clusters (Fig. 2B, fig. S3B). In contrast, NK cells (mainly belonging to the CD56dim subset 

(15)), localized to the GZMB+ metacluster, matching their expression pattern of GzmB (Fig. 

2F, fig. S4) (11, 12). Vδ1 and Vδ2 cells were relatively evenly distributed among several 

clusters, mirroring their more diverse array of GzmK and GzmB protein expression (Fig. 

2F, fig. S4). These findings indicate that there are shared transcriptomic programs among 

diverse lymphocyte cell types for which GzmK and GzmB act as hallmarks.

GZMK signature genes include regulators of signaling and transcription

To better characterize the differences among synovial tissue CD8 T cell subsets, we 

identified the top differentially expressed genes (area under the curve (AUC) > 0.6 and 

false discovery rate (FDR) < 0.05) that distinguish synovial tissue CD8 T cells in the 

GZMK+ and GZMB+ metaclusters (Fig. 2G, table S2). The GZMK+ metacluster gene 

list includes a number of regulators of signaling and transcription (table S2). SOCS3 
is upregulated by cytokine stimulation and provides negative feedback for Janus kinase 

(Jak) and signal transducers and activators of transcription (STAT) signaling pathways. 

RGS1, RGS2, TAGAP, and AARDC3 encode proteins that regulate signaling downstream 

of G protein-coupled receptors. Interestingly, two genes (TAGAP and TNFAIP3) in this 

list are associated with increased risk of RA, and seven genes are associated with other 

types of autoimmune arthritis or with inflammatory bowel disease (IBD) (CREM, CXCR4, 

HSPA1A) or with other autoimmune diseases (CD27, CD69, RGCC, RGS1) (table S3) (17). 

In contrast, the GZMB+ metacluster gene list includes cytotoxic molecules such as GNLY 
and GZMB in addition to a number of cell surface receptors connected with activation or 

inhibition of cytotoxicity by CD8 T cells and NK cells, such as FCGR3A, KLRD1, and 

KLRF1 (table S2). The list also includes ZAP70 and TYROBP, which encode signaling 

molecules downstream of the TCR and receptors featuring immunoreceptor tyrosine-based 

activation (ITAM) motifs.

Jonsson et al. Page 6

Sci Transl Med. Author manuscript; available in PMC 2023 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



GzmK+ GzmB+ CD8 T cells have reduced cytotoxic potential compared to GzmB+ CD8 T 
cells

In most CD8 T cell studies, GzmB-expressing CD8 T cells are viewed as a single cytotoxic 

population. Our scRNA-seq analysis instead suggests that CD8 T cells that express GzmK 

and GzmB together are a distinct population from CD8 T cells that express GzmB 

alone. One difference between these clusters is the expression of genes associated with 

cytotoxicity. To investigate this question at the protein level, we used flow cytometry to 

compare the expression of GzmB and perforin among the different CD8 T cell subsets 

in blood from healthy controls and patients with RA, as well as in synovial fluid from 

patients with RA. Indeed, the mean fluorescence intensity (MFI) of GzmB and perforin 

staining was significantly lower among GzmK+ GzmB+ CD8 T cells than among GzmB+ 

CD8 T cells from healthy control blood (p=0.004) (Fig. 3A and B). GzmK+ GzmB+ CD8 

T cells in synovial fluid expressed GzmB and perforin at concentrations similar to their 

blood counterparts, supporting an intrinsically low cytotoxic potential of GzmK+ GzmB+ 

CD8 T cells compared to GzmB+ CD8 T cells. Expression of CD57 and CX3CR1, surface 

markers of CD8 T cells with high cytotoxic potential (12, 18–21), correlated with expression 

of GzmB and perforin, with a lower proportion of GzmK+ GzmB+ CD8 T cells in blood 

and synovial fluid expressing CD57 and CX3CR1 than GzmB+ CD8 T cells in blood (Fig. 

3C, fig. S5A). These findings suggest that GzmK+ GzmB+ CD8 T cells in both blood and 

synovial fluid have reduced cytotoxic potential compared to GzmB+ CD8 T cells in blood.

In addition, the small portion of synovial fluid CD8 T cells that express GzmB alone also 

exhibited lower expression of GzmB, perforin, CD57, and CX3CR1 compared to GzmB+ 

CD8 T cells from blood (Fig. 2C and 3A to C, fig. S5A). GZMB and GNLY are also lower 

at the mRNA level in synovial fluid and tissue compared to blood (Fig. 2C to D), indicating 

that these proteins are not low due to recent release of cytotoxic granules. Thus, synovial 

fluid GzmB+ CD8 T cells show less cytotoxic potential that do GzmB+ CD8 T cells in 

blood.

GzmK activates inflammatory pathways in synovial fibroblasts

Given that GzmK+ GzmB+ CD8 T cells have reduced GzmB-driven cytotoxic potential, 

we next investigated the effects of GzmK itself in RA synovium. GzmK and GzmB both 

localize to secretory granules that are released from CD8 T cells upon activation (22). 

Unlike GzmB, GzmK does not cleave caspases to induce apoptotic cell death. Instead, 

GzmK has been reported to cleave several other target proteins on the cell surface and 

intracellularly to induce signaling pathways relevant to inflammatory pathogenesis (23–

26). Consistent with this, we found that recombinant enzymatically active GzmK did not 

induce cell death among synovial fibroblasts as judged by lactate dehydrogenase (LDH) 

release, whether applied extracellularly or introduced into the cell cytoplasm using a protein 

transfection reagent (Fig. 3D). Instead, we found that GzmK can activate cultured synovial 

fibroblasts to produce interleukin (IL)-6 and CCL2, but not IL-8, in a dose-dependent 

manner, albeit at lower concentrations than TNF-stimulated fibroblasts (Fig. 3E, fig. S5B). 

This effect did not require perforin or any other agent to induce internalization of the 

GzmK, indicating that GzmK has a proteolytic target on the cell surface of these cells. 

When delivered intracellularly, GzmK induced a dose-dependent increase in the production 
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of reactive oxygen species (ROS) (Fig. 3F). We did not find evidence that GzmK can induce 

endoplasmic reticulum (ER) stress, as has been reported using other types of fibroblasts 

(fig. S5C) (27). A recent study reported that murine GzmK can amplify the effect of IFN-γ 
on IL-6 and CCL2 production by a mouse embryonic fibroblast cell line (28). We find 

that human GzmK augments the ability of IFN-γ to stimulate human synovial fibroblasts 

to produce IL-6 and CCL2 (Fig. 3E). Together, these results demonstrate that GzmK, both 

alone and additively with cytokines, drives the production of cytokines, chemokines, and 

ROS, three molecular pathways that are aberrantly upregulated in RA (4, 29).

Next, we determined the effects of GzmK+ GzmB+ CD8 T cells on synovial fibroblasts. 

Because we cannot sort live cells based on intracellular granzyme expression, we compared 

memory CD8 T cells from synovial fluid, the majority of which are GzmK+ GzmB+ CD8 T 

cells, with memory CD8 T cells from blood, which are relatively enriched in GzmB+ CD8 

T cells, and memory CD4 T cells from synovial fluid, which express low concentrations 

of granzymes. We cultured synovial fibroblasts with supernatants harvested from these 

different T cell subsets and then performed low-input bulk RNA-seq. The three T cell 

subsets had overall similar effects on synovial fibroblasts, altering fibroblast expression 

of hundreds of genes, including pro-inflammatory factors such as IL6, CCL2, CCL5, and 

IFN-signature genes such as CXCL10 and STAT1 (Fig. 3G and H, fig. S6A to C, data 

file S1). Synovial CD8 T cells had slightly weaker effects on most genes compared to 

synovial CD4 T cells, although the differences were relatively small (less than two-fold). 

Interestingly, genes associated with antigen processing and presentation, including CIITA, 

CD74, and components of the immunoproteasome (PSMB8, PSMB9, PSMB10) were as 

strongly upregulated by synovial fluid CD8 T cells as by synovial fluid CD4 T cells (Fig. 

3I, fig. S6A and D). We also observed strong expression of genes encoding gasdermin D 

and caspase 1, two proteins involved in activating IL-1β, but unlike synovial fluid CD4 T 

cell supernatant, synovial fluid CD8 T cell supernatant did not upregulate expression of 

IL1B itself (fig. S6E). Supernatant from stimulated T cells also downregulated certain genes, 

including genes downregulated in inflamed synovium (DLX3) or enriched in subsets other 

than pro-inflammatory HLA+ synovial fibroblasts (AKRC12, FOS) (fig. S6F) (10).

GzmK+ GzmB+ CD8 T cells are a functionally potent tissue-resident T cell population

Our analysis of scRNA-seq, flow cytometry, and GzmK functional analysis all indicated 

that GzmK+ GzmB+ CD8 T cells are not classical CTLs. However, the nature of their cell 

state, in terms of activation, exhaustion, senescence, tissue residence, and other parameters, 

remained undefined. To obtain a clearer picture of GzmK+ GzmB+ CD8 T cells as defined 

by protein expression, we directly sorted these cells for low-input bulk RNA-seq. Since 

GzmK and GzmB are intracellular proteins, we developed methods for isolating RNA from 

fixed and permeabilized cells sorted after intracellular staining with fluorescently conjugated 

antibodies, based upon a recently published protocol (30). Using these methods, we sorted 

and isolated RNA from synovial fluid CD8 T cells expressing GzmK alone, GzmB alone, 

GzmK plus GzmB, or neither granzyme. Importantly, principal component analysis (PCA) 

separated the sorted CD8 T cell subsets based on their different granzyme expression 

patterns (Fig. 4A), further supporting the concept that granzyme expression defines cell 
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populations with unique transcriptomic and thus functional properties. Review of the top 

differentially expressed genes confirmed their distinct nature (table S4).

We used this GzmK- versus GzmB-sorted low-input RNA-seq dataset along with flow 

cytometry to query genes and proteins associated with a number of CD8 T cell functions 

and states. Both GzmK+ GzmB+ CD8 T cells and GzmB+ CD8 T cells show downregulation 

of S1PR1 and SELL (CD62L), genes that must be turned off to allow cells to remain 

in tissue, compared to naïve and GzmK+ CD8 T cell subsets (Fig. 4B, fig. S7A). Both 

subsets also show downregulation of genes associated with memory precursor effector cells 

(MPECs) and central memory T cells, such as IL7R and TCF7 (31, 32) compared to CD8 

T cells expressing only GzmK. Instead, GzmK+ GzmB+ CD8 T cells and GzmB+ CD8 

T cell subsets both upregulated genes associated with effector T cells (32, 33), although 

they express different subsets of these markers. For example, GzmK+ GzmB+ and GzmB+ 

subsets express a similar abundance of KLRG1 and ID2, whereas only GzmB+ CD8 T cells 

exhibit elevated EGR2 and ZEB2 (Fig. 4B, fig. S7A). GzmK+ GzmB+ CD8 T cells instead 

trended toward higher expression of STAT4.

We also asked whether the GzmK+ GzmB+ CD8 T cell subset might include the narrowly 

defined resident memory T (Trm) cell subset, a small population of non-circulating CD8 T 

cells best characterized in murine models and in human skin (32, 34). Two Trm-associated 

genes, RUNX3 and PRDM1 (Blimp1), are expressed equally by GzmB+ and GzmK+ 

GzmB+ CD8 T cells, whereas ZNF683 (Hobit) and ITGAE (CD103) are mainly expressed 

by the GzmB+ subset (Fig. 4B, fig. S7A). However, it is difficult to draw any firm 

conclusions since it is not known whether these genes specifically identify Trm cells in 

human synovial tissue and fluid. Nonetheless, the data indicate that GzmK+ GzmB+ CD8 

T cells are a tissue-associated effector CD8 T cell population and not merely transient 

circulating cells.

In terms of markers of activation, GzmK+ GzmB+ CD8 T cells similarly expressed HLA-DR 

and CD69 compared to GzmB+ CD8 T cells, but they express Ki67 (MKI67), a marker of 

proliferation, at a lower frequency than GzmB+ CD8 T cells (Fig. 4B to D, fig. S7B). This 

pattern of expression of HLA-DR differs from the single-cell RNA-seq datasets in Fig. 1F to 

H and 2A to D, in which genes encoding HLA-DR were expressed at the highest abundance 

in the GZMK+ GZMB+ cluster. Those scRNA-seq datasets used unbiased clustering to 

classify CD8 T cell populations – clustering driven in part by HLA class II genes – whereas 

the data in Fig. 4C to D categorized CD8 T cells based on protein abundance of GzmK 

and GzmB. The GzmK+ GzmB+ CD8 T cells identified based on protein expression and the 

GZMK+ GZMB+ cluster may represent overlapping but not identical cell subsets.

Given this apparent low degree of proliferation, we next investigated whether GzmK+ 

GzmB+ CD8 T cells might represent an exhausted or senescent subset, since such cells 

do not proliferate upon stimulation. Instead, the transcriptional data indicated that GzmK+ 

GzmB+ CD8 T cells similarly expressed genes associated with exhaustion and senescence, 

such as HAVCR2 (Tim3), LAG3, and CDKN2A (p16) compared to GzmB+ CD8 T cells 

(Fig. 4B, fig. S7A). Similarly, at the protein level, GzmK+ GzmB+ CD8 T cells from 

synovial fluid expressed similar concentrations of Tim3, ICOS, PD-1, LILRB1 (CD85j) 
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and CD57 compared to GzmB+ CD8 T cells (Fig. 3C, Fig. 4E, fig. S8A and B). We 

also investigated CD29 and CD40L, which are associated with IFN-γ-producing cytotoxic 

cells and with non-cytotoxic helper cells, respectively (35–37). We did not observe any 

differences in expression of these markers between GzmK+ GzmB+ and GzmB+ CD8 T cells 

(fig. S8C and D). All granzyme-expressing populations expressed CD29, whereas CD40L 

was primarily observed on granzyme-negative CD8 T cells (fig. S8C and D).

We performed functional assays to directly measure the potential of these CD8 T cell subsets 

to produce cytokines in response to chemical and TCR-mediated stimulation. GzmK+ 

GzmB+ and GzmB+ CD8 T cells from synovial fluid produced IFN-γ and TNF at similar 

frequencies after stimulation with PMA and ionomycin or anti-CD3/CD28 antibody-coated 

beads, indicating that they have similar functional potential (Fig. 4F and G, fig. S9). 

The synovial fluid CD8 T cell subsets responded with similar strength to both types of 

stimulation as the corresponding blood CD8 T cells, further indicating these cells do not 

represent an exhausted phenotype. Taken together, these data confirm that synovial GzmK+ 

GzmB+ CD8 T cells are a functionally potent effector population, transcriptionally distinct 

from GzmB+ CD8 T cells (CTLs). We propose to call these cells tissue-enriched expressing 

GzmK-expressing T cells or TteK cells, reflecting their tissue enrichment, cell state, and 

characteristic expression of GzmK.

Given the close transcriptional relationship of GzmK+ CD8 T cells with MAIT cells and 

other innate-like T cells, we asked if these CD8 T cell subsets might differ in their responses 

to cytokine-mediated activation, a well-known mechanism of activation among CD8 T cells 

and other GzmK-expressing cell types, such as iNKT cells, MAIT cells, and CD56bright 

NK cells (38–43). After stimulation with IL-12 and IL-15, GzmK+ GzmB+ CD8 T cells 

responded by producing IFN-γ, but not TNF, at concentrations similar to GzmB+ CD8 

T cells (Fig. 4H, fig. S9), consistent with the pattern reported by prior studies of cytokine-

activated CD8 T cells (38, 43). Interestingly, GzmK+ GzmB− and Gzm-negative CD8 T 

cells did not respond to cytokine stimulation, indicating that this is a function only certain 

CD8 T cell subsets are “licensed” to perform. We observed similar patterns of high IFN-γ 
production and low TNF production after cytokine stimulation, but not PMA and ionomycin 

or TCR-mediated stimulation, among NK cells and MAIT cells, pointing toward shared 

downstream effects of cytokine stimulation (fig. S10).

GZMK+ GZMB+ CD8 T cell clones are transcriptionally associated with GZMK+ CD8 T cells 
in blood

We next investigated how GzmK+ GzmB+ CD8 T cells become enriched in synovial 

tissue and fluid. Given the similarities in protein and transcriptomic characteristics, we 

hypothesized that GzmK+ GzmB+ CD8 T cells in synovium belong to the same cell 

state as GzmK+ GzmB+ CD8 T cells in blood, as opposed to undergoing transcriptional 

changes within synovial tissue. To test this hypothesis, we analyzed a large single-cell TCR 

repertoire and RNA-seq dataset from the AMP RA/SLE Network, consisting of CD8 T cell 

profiles from 12 RA synovial tissue samples and 10 matched blood samples. The dataset 

consists of 6,555 synovial CD8 T cells and 4,475 blood CD8 T cells, which together form 

seven clusters (Fig. 5A and B, fig. S11A to C). The largest cluster in this independent 
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data set consists of GZMK+ CD8 T cells with moderate expression of GZMB and PRF1 
(Fig. 5A and B), confirming our finding regarding the GZMK+ cluster seen in Fig. 1F in 

an independent data set. Most cells in this cluster come from synovial tissue (fig. S11D). 

There are also naive cell and GZMB+ PRF1+ clusters, both of which are mainly composed 

of blood CD8 T cells (Fig. 5A and B, fig. S11D), consistent with our flow cytometry data 

from RA blood and synovial tissue (Fig. 1J and K). A small MKI67+ proliferating cluster 

was composed mostly of synovial tissue cells (Fig. 5A and B, fig. S11D).

To study patterns of CD8 T cell enrichment in this cross-sectional dataset, we used the 

TCR sequences as barcodes to identify clones that derive from a single naive T cell as 

clonotypes. We selected the top 2 to 3 blood and synovial tissue clonotypes from each donor 

for a total of 50 clonotypes to model CD8 T cell behavior across blood and tissue in this 

patient cohort. We then classified the cells belonging to each of these clonotypes based on 

transcriptional cluster and location (blood versus tissue) (Fig. 5A). This analysis revealed 

that cells from each clonotype, whether from blood or synovial tissue, primarily mapped to 

the same cluster, indicating that they have similar transcriptomic phenotypes (either GZMK+ 

or GZMB+) (Fig. 5C). Specifically, of the 50 clonotypes, 26 were >75% GZMK+, 17 were 

>75% GZMB+, and only 7 (15%) were mixed (<75% either GZMK+ or GZMB+) (Fig. 5D). 

In other words, there was homogeneity in granzyme type and cluster classification among 

cells within a clonotype across blood and synovial tissues.

We next determined whether these CD8 T cell clonotypes exhibited the same enrichment of 

GZMK+ CD8 T cells in synovium as seen in the total CD8 T cell population. Indeed, there 

was a strong correlation between the frequency of clonotypes in the GZMK+ cluster and the 

frequency of that clonotype in synovium (Fig. 5E). In contrast, clonotypes skewed toward 

the GZMB+ cluster were rare in synovial tissue (Fig. 5F). Thus, GZMK expression identifies 

CD8 T cell clones that are enriched in tissues, reinforcing our proposal to term these cells 

TteK cells.

We then investigated the mechanisms by which GZMK+ CD8 T cells accumulate in tissues. 

There are several non-mutually exclusive possibilities, including preferential proliferation, 

migration, and differentiation of GZMK+ CD8 T cells. We first compared proliferation by 

GZMK+ and GZMB+ CD8 T cells. Synovial CD8 T cells in the GZMK+ cluster exhibited 

greater clonal overlap with the proliferating cluster than did the synovial GZMB+ PRF1+ 

CD8 T cells (0.243 versus 0.073), suggesting that the majority of proliferating cells in 

synovium are GZMK+ (fig. S11E). We corroborated this finding with flow cytometry of 

Ki67 expression by synovial fluid CD8 T cells. Although the small number of GzmB+ 

synovial fluid cells express Ki67 at a higher frequency than other CD8 T cell subsets 

(Fig. 4D), the majority of proliferating CD8 T cells belong to the GzmK+ GzmB+ CD8 

T cell subset (fig. S11F), suggesting that proliferative expansion may play a role in the 

accumulation of GzmK+ GzmB+ CD8 T cells in synovial tissue.

We also used clonal expansion as a measure of possible antigen-specific proliferation. 

GZMK+ CD8 T cells exhibited similar clonal expansion in blood and synovium, which at 

first glance suggests a lack of clonal expansion in synovial tissue (fig S11G). However, 

the GZMK+ clones most expanded in synovium are different than those most expanded in 
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blood, as shown by a lack of association between the frequency of each individual clone 

in blood and synovium (Fig. 5G). In contrast, GZMB+ CD8 T cells are less clonal in 

synovial tissue than in blood (fig. S11G), and their clonal frequency in synovium is strongly 

correlated with the frequency in blood (Fig. 5H). This suggests that GZMB+ CD8 T cells do 

not undergo antigen-specific expansion in synovial tissue.

To address whether GzmK+ and GzmB+ CD8 T cells have different migratory potential, we 

measured their expression of selected chemokine receptors using flow cytometry. We found 

that GzmK+ and GzmK+ GzmB+ CD8 T cells preferentially expressed CCR2, CCR5, and 

CXCR3, whereas GzmB+ CD8 T cells instead expressed CX3CR1; CD8 T cells lacking 

GzmK and GzmB (naive CD8 T cells) expressed CCR7 (Fig. 3C, fig. S12). The findings 

indicate that GzmK+ and GzmK+ GzmB+ CD8 T cells have unique migratory potential 

distinct from GzmB+ CD8 T cells.

We did not observe any discrete transitional CD8 T cell populations in our analysis to 

suggest that CD8 T cell differentiation to a GZMK+ phenotype occurs in synovial tissue. 

However, it is possible that this differentiation in RA synovium occurs so rapidly that the 

transitional population is too small to discern in this dataset. Alternatively, GZMK+ CD8 T 

cells may differentiate outside of the synovium or at another point in time and then migrate 

into synovium using the chemokine receptors described above.

GZMK+ CD8 T cells outnumber GZMB+ CD8 T cells in many different tissues and disease 
states

Since GzmK+ GzmB+ CD8 T cells are the predominant CD8 T cell subset in RA synovium 

and synovial fluid, we next examined whether similar CD8 T cells are also enriched in other 

diseased tissues using scRNA-seq. To do this, we aggregated 26,625 scRNA-seq CD8 T cell 

profiles obtained from diseased and unaffected tissue from patients with inflammatory bowel 

disease (IBD) (44, 45), lupus nephritis (LN) (46), RA (10, 47), as well as healthy tissue from 

controls (Fig. 6A, table S5). We also included a dataset from bronchoalveolar lavage fluid 

(BALF) from healthy controls and patients with coronavirus disease 2019 (COVID-19), as 

an example of an acute infectious illness (48). Clusters comprising primarily CD8 T cells 

were included in the analysis. To identify shared cell states driven by T cell heterogeneity 

regardless of tissue difference, we corrected tissue and donor effects (49) and identified 

GzmK-associated cell states in all disease tissues (Fig. 6B and C). We found that the 

GZMK+ CD8 T cells were more frequent than GZMB+ CD8 T cells in many diseases 

and tissues. Specifically, the percentage of GZMK+ CD8 T cells was significantly higher 

than the percentage of GZMB+ CD8 T cells in RA synovium as well as inflamed bowel 

from patients with Crohn’s disease and ulcerative colitis (UC) (p=1×10−5, p=2×10−5, 

and p=5×10−5, respectively, Fig. 6C). Interestingly, non-inflamed bowel also had higher 

frequencies of GZMK+ CD8 T cells than GZMB+ CD8 T cells, with healthy kidney and 

osteoarthritis synovium showing a similar trend. These findings suggest that the frequency 

of GZMK expression is high among tissue CD8 T cells even in healthy states, although 

we note that sample and CD8 T cell numbers from OA synovium and healthy kidney were 

low, limiting generalizability. CD8 T cells from kidneys with lupus nephritis had similar 

frequencies of GZMK+ and GZMB+ CD8 T cells, in concordance with the individual T cell 
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cluster frequencies reported for this dataset (46). We expected to find high frequencies of 

GZMB+ CD8 T cells in BALF from patients with COVID-19. However, the frequency of 

GZMB+ cells did not exceed that of GZMK+ cells in either mild or severe COVID-19 (Fig. 

6C).

To compare the frequencies of cells with phenotypes similar to GzmK+ GzmB+ CD8 T cells 

compared to CTLs in a more refined way, we used the differentially expressed gene sets 

we obtained from synovial tissue CD8 T cell profiles in the scRNA-seq analysis presented 

in Fig. 2. Specifically, we calculated GZMK and GZMB gene scores based on the lists 

of differentially expressed genes between RA synovial tissue CD8 T cells in the GZMB 
metacluster and GZMK metacluster (AUC > 0.6 and FDR < 0.05) (Fig. 2G, table S2). We 

then measured expression of these genes among CD8 T cells in the other tissues, normalized 

from 0 to 1. The pattern of expression of these gene scores mirrored the frequencies of 

GZMK+ and GZMB+ CD8 T cells (fig. S13). Together, these findings suggest that CD8 TteK 

cells with a GzmK-associated phenotype are an abundant tissue CD8 T cell type in many 

diseases, particularly chronic autoimmune diseases, and are also present in acute infections.

DISCUSSION

GzmB-expressing CD8 T cells play a central role in killing virally infected and malignant 

cells through antigen-specific interactions of the TCR with major histocompatibility 

complex (MHC) class I-peptide complexes on target cells. In contrast, the nature of CD8 

T cells in chronically inflamed autoimmune tissues is not well understood. Here, we found 

that the vast majority of CD8 T cells in actively inflamed synovial tissues expressed GzmK 

either alone or in combination with GzmB, whereas stereotypical GzmB+ CD8 CTLs were 

rare. GzmK+ GzmB+ CD8 T cells have poor granule-mediated cytotoxic potential, since 

the abundance of GzmB and perforin are low and GzmK has not been found to cleave 

caspases that drive apoptosis. GzmK+ GzmB+ CD8 T cells also expressed lower abundance 

of cytotoxic markers such as CD57 and CX3CR1 compared to GzmB+ CD8 T cells. We 

found that CD29, a marker of CD8 T cells that produce high amounts of IFN-γ and have 

cytotoxic activity (35), was expressed on all GzmK- and GzmB-expressing cells, indicating 

that CD29 may largely label non-naive cells. We did not see CD40L expression on either 

GzmK+ GzmB+ or GzmB+ CD8 T cells. CD40L has been reported to mark CD8 T cells 

lacking perforin and granzyme A that exhibit helper function capabilities that may play a 

role in synovial follicle formation in RA (8, 36, 37). Granzyme A is expressed by all GzmK- 

and GzmB-expressing cells (11) and accordingly, we found CD40L staining mainly among 

Gzm-negative CD8 T cells.

GzmK+ GzmB+ CD8 T cells appear to behave similarly to innate-like T cells, responding 

to TCR-independent stimulation as potently as their GzmB+ counterparts and producing 

cytokines to affect other cells in their environment. Indeed, in analysis by scRNA-seq, 

GzmK+ GzmB+ CD8 T cells cluster together with MAIT cells and iNKT cells, two innate 

cell types known for producing cytokines in response to TCR-independent stimulation, and 

not with CTLs. We call these cells CD8 TteK cells, as an effector cell type distinct from 

CTLs, abundantly found in several different healthy and diseased tissues, and identified by 

expression of GzmK. CD8 TteK cells shared transcriptional programs with MAIT cells and 
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iNKT cells, whereas CTLs overlapped with CD56dim NK cells, reflecting differences in 

cytotoxicity and other functions.

We did not observe that CD8 TteK cells were enriched in RA blood, indicating that 

these cells were specifically enriched in tissues and not merely bystanders of systemic 

inflammation. The disproportionate abundance of GZMK+ CD8 T cell clonotypes in 

synovial tissue compared to blood suggests that CD8 TteK cells may receive antigen-specific 

stimuli locally in synovial tissue, driving their expansion. CD8 TteK cells may be able to 

migrate into and out of synovium and circulate in the periphery without changing phenotype, 

as GZMK+ CD8 T cells belonging to the enriched clonotypes identified in synovial tissue 

were typically also found in blood, albeit at lower frequencies. Additional studies are needed 

to test these hypotheses and identify potential synovial antigens. The drastic differences in 

GzmK+ versus GzmB+ subsets among CD8 T cells in RA blood and synovium serve as a 

warning against using RA blood as a surrogate for the populations and pathways present at 

the tissue sites of inflammation.

We initially detected this CD8 TteK cell population in RA synovium, but cells with a similar 

transcriptomic signature were also present in inflamed and healthy bowel as well as in 

kidneys affected by lupus nephritis. GZMK mRNA has also been detected among tumor-

infiltrating T cells (50), raising the possibility that GzmK-expressing CD8 T cells may play 

a role in other diseases as well. Given the functional differences we have identified based on 

GzmK and GzmB expression, we propose that expression of these markers should be used to 

classify tissue CD8 T cells in other settings as well, such as tumor-infiltrating lymphocytes, 

as a preliminary surrogate for CD8 T cell phenotypes in these tissues. Importantly, tissue 

CD8 T cells that express GzmK alone or alongside GzmB should not automatically be 

labeled as memory cells or cytotoxic cells in single-cell RNA-seq data, as our findings 

indicate that such labels are not accurate descriptors of these human tissue-associated CD8 T 

cells.

Interestingly, CD8 T cells in lupus nephritis exhibited both strong GZMB and GZMK 
signatures. This finding is corroborated by the fact that clustering of these cells showed 

CTL-like and GZMK+ clusters of roughly the same size (46). The equal proportions of 

GZMK+ and GZMB+ subsets may be an organ-specific feature of inflammation in kidneys 

or a disease-specific feature of lupus pathogenesis. Further studies are needed to identify the 

factors determining GzmK versus GzmB signatures among tissue CD8 T cells.

In the context of inflamed RA synovium, GzmK itself acted like a key inflammatory 

factor. GzmK induced synovial fibroblasts to activate pro-inflammatory pathways, including 

production of IL-6, CCL2, and ROS. Stimulation of IL-6 and CCL2 production did not 

require internalization of GzmK, but ROS production did. We propose that the low amount 

of perforin expressed by GzmK+ GzmB+ CD8 T cells may allow for internalization of 

GzmK without producing enough pores in the plasma membrane as to lead to cell death.

The major cytokine produced by CD8 T cells is IFN-γ. IFN-γ is difficult to detect directly 

in biological samples, and no definitive pathogenic role for this cytokine has been identified 

in RA. However, the strong IFN-γ signatures in RA synovial tissue bulk and single-cell 
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RNA-seq transcriptomes indicate that this cytokine is prominent in inflamed synovium (10, 

51). IFN-γ has many possible effects in RA synovium, including upregulation of MHC 

class II molecules on both antigen-presenting cells and other cell types (such as synovial 

fibroblasts) as well as promoting regulatory T cell differentiation and inhibiting Th17 

differentiation and osteoclastogenesis (52–54). IFN-γ- or IFN-γ receptor-deficient mice 

have more severe disease in some mouse models of RA but milder disease in others (55–

58). Further, several human clinical trials have been performed using recombinant IFN-γ; 

small early studies showed some benefit, but a subsequent larger trial did not find any 

improvement compared to placebo (59, 60). Given these contradictory results, the exact 

role of IFN-γ in rheumatoid arthritis remains to be determined. One possible model is 

that the small number of CD8 TteK cells present in healthy tissues rapidly produce IFN-γ 
in response to cytokine stimulation early during immune responses. This IFN-γ activates 

beneficial antigen presentation and antiviral responses, similar to the roles of CD56bright NK 

cells, iNKT cells, and MAIT cells, all of which express GzmK. In inflamed RA synovium, 

however, a threshold may be crossed, leading to accumulation of a large number of CD8 

TteK cells that produce copious amounts of IFN-γ with little or no cytotoxic effects on 

surrounding cells. The mechanisms that drive this process may, at a local tissue level, mimic 

those of familial hemophagocytic lymphohistiocytosis (fHLH), a form of primary systemic 

cytokine storm associated with genetic mutations in perforin and other cytotoxic granule 

components (61, 62). In fHLH, defective cytotoxic machinery prevents CD8 T cells and 

NK cells from killing macrophages and other innate immune cells to terminate the immune 

response. Instead, the cytokines produced by the activated macrophages and CD8 T cells 

form a positive feedback loop that amplifies the immune response. In RA synovium, the 

preponderance of CD8 TteK cells may represent a failure of CD8 T cells and NK cells to kill 

the innate immune cells driving the immune response, leading instead to a localized cytokine 

storm.

Our study has several limitations. First, although the TCR repertoire data is suggestive, we 

are not able to identify whether CD8 TteK cells preferentially migrate into inflamed joints 

or whether they differentiate or clonally expand within the synovium. We have also not 

been able to directly assay cytotoxic activity of these cells. CD107a degranulation assays 

do not differentiate between the release of cytotoxic proteins such as GzmB and perforin 

versus non-cytotoxic proteins, such as GzmK. Direct killing assays using LDH release or 

Annexin V staining to identify target cell death, are also logistically challenging since 

sorting the CD8 T cell subsets requires intracellular GzmK and GzmB staining, which kills 

the cells. Although the AMP RA/SLE Network synovial tissue samples were obtained from 

patients with documented elevated clinical disease activity scores (10, 63), we did not have 

clinical activity measures from some synovial tissues obtained from arthroplasty surgeries 

at Brigham and Women’s Hospital. It is possible that some of these synovial tissues lacked 

inflammation. Lastly, the number of samples in this study was low, limiting our ability 

stratify the findings by disease activity or treatment. Larger studies with more power are 

needed to address these issues and to further investigate CD8 T cell phenotypes in healthy 

tissues.

In conclusion, we found that co-expression of GzmK and GzmB defines a core tissue-

associated CD8 T cell effector population. It has low cytotoxic potential but expresses 
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high concentrations of GzmK and can produce cytokines through antigen-dependent 

and -independent mechanisms in RA synovium and other tissues. Further study of the 

differentiation and functions of CD8 TteK cells may reveal additional avenues of treatment 

for RA and other inflammatory diseases. Blocking GzmK may be a mechanism to reduce 

fibroblast activation, and blocking the cytokines that activate CD8 T cells, such as IL-12 or 

IL-15, may represent an effective complementary treatment approach in RA. Inducing the 

CD8 TteK cells to become cytotoxic could potentially shut down inflammatory pathways in 

RA synovium and may also yield treatment alternatives for cancer and chronic infection.

MATERIALS AND METHODS

Study design

The objectives of this project were to study CD8 T cell phenotypes in the joints (synovial 

tissue or fluid) of patients with rheumatoid arthritis using transcriptomic data, flow 

cytometric characterization of surface and intracellular proteins, and functional assays. In 

particular, our goal was to investigate the frequencies and phenotypes of GzmK-expressing 

CD8 T cells. Synovial CD8 T cells were compared to CD8 T cells from blood from patients 

with RA or from healthy controls. The studies used synovial tissue, synovial fluid, and blood 

from patients with RA or other rheumatologic diseases and blood from healthy controls. 

Inclusion criteria included meeting American College of Rheumatology (ACR) 2010 RA 

classification criteria. Exclusion criteria included active acute infection or malignancy. 

Perceived outliers were not excluded from analysis. There was no experimental treatment 

administered as part of this project, and no randomization or blinding was performed. No 

power analyses were performed prior to the project as each assay and outcome measure 

differs in robustness. The number of samples and experimental replicates are indicated in the 

figures or figure captions.

Human research

Research involving human subjects was performed according to the Institutional Review 

Board at Mass General Brigham through approved protocols with appropriate informed 

consent, as required. Patients with RA fulfilled the ACR 2010 Rheumatoid Arthritis 

classification criteria. Rheumatoid factor and anti-cyclic citrullinated peptide (CCP) 

antibody status and other clinical characteristics were obtained by review of electronic 

medical records (table S6). All RA blood and synovial fluid samples were from patients 

with seropositive RA unless otherwise specified. For all studies except the TCR repertoire 

analysis, synovial tissue samples for single-cell RNA-seq and imaging were obtained 

from patients undergoing arthroplasty at Brigham and Women’s Hospital or Brigham and 

Women’s Faulkner Hospital in Boston, MA. For the TCR repertoire analysis, synovial 

tissue and matched blood samples were recruited at clinical sites throughout the United 

States through the AMP RA/SLE Network (table S7). Synovial fluid samples were obtained 

as excess material from patients undergoing clinically indicated diagnostic or therapeutic 

arthrocentesis as directed by the treating rheumatologist. Blood samples from RA patients 

were obtained from patients seen at the Brigham and Women’s Hospital Arthritis Center. 

Blood samples from healthy controls were obtained from blood bank leukoreduction collars 

from anonymous platelet donors.
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Statistical analysis

Raw, individual-level data are shown in data file S2. Details of statistical testing for 

each analysis are included in the corresponding figure legend. Statistical testing for flow 

cytometry and functional assays was performed using GraphPad Prism version 8.4 for Mac. 

For parametric tests, normality was assessed by Shapiro-Wilk test. We used a significance 

(alpha) level of 0.05. Results were considered statistically significant when p < 0.05 by 

Bonferroni correction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. CD8 T cells in RA synovial tissue and fluid make TNF and IFN-γ and predominantly 
express GzmK, whereas only a small portion express GzmB alone.
(A and B) Frequency of CD8 T cells among total live cells (A) and CD45+ cells (B) is 

shown in synovial tissue from patients with active RA (n=6) compared to OA (n=10) in 

a published synovial tissue mass cytometry dataset (10). (C) Frequency of CD8 T cells 

among total T cells in blood (n=9), synovial fluid (syn. fl., n=9), and synovial tissue (syn. 

tis., n=8) of RA patients is shown. (D) The frequency of CD4 and CD8 T cells producing 

IFN-γ and TNF is shown for seropositive RA synovial fluid (n=10) after stimulation with 

PMA and ionomycin (PMA/iono) for three hours. Paired CD4 and CD8 T cell data from 

the same patient are connected by a line. (E) The percentage contribution to total IFN-γ- 

or TNF-producing T cell pool by CD4 versus CD8 T cells from seropositive RA synovial 

fluid (n=10) is shown after stimulation with anti-CD3/CD28 antibody-coated beads or PMA 

and ionomycin for three hours. (F) A UMAP plot of Louvain clustering of 4,111 single-cell 

RNA-seq profiles synovial tissue T cells is shown. (G) Violin plots are shown illustrating 
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expression of selected genes by cells in each cluster from the UMAP plot in (F). (H) 

A pseudobulk heatmap shows expression of selected genes by the CD4 and CD8 T cell 

clusters shown in (F). (I) Immunofluorescent staining of RA synovial tissue is shown. White 

arrowheads indicate GzmK+ GzmB+ T cells. The arrow points to a GzmK+ T cell, and the 

asterisks indicate GzmB+ cells, which do not stain for CD3. (J and K) Representative flow 

cytometry plots (J) and cumulative data (K) show GzmK and GzmB expression among CD8 

T cells from synovial fluid (n=17), synovial tissue (n=7), and blood (n=21) from patients 

with RA and blood from healthy controls (n=27). Bars in (A to C, E, and K) represent mean 

± SD. Statistics by Mann-Whitney U-test (A and B), Kruskal-Wallis test (C), two-tailed ratio 

paired t-test (D and E) and Friedman test with Dunn’s multiple comparisons test (K) are 

shown. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Fig. 2. CD8 T cells and other granzyme-expressing lymphocytes in RA synovial tissue, fluid, and 
blood segregate into transcriptional clusters characterized by GzmK and GzmB expression.
(A) Clustering of 11,602 single-cell profiles from RA synovial tissue and fluid as well as 

healthy control blood reveals 7 distinct clusters. Clusters of cells are projected into UMAP 

space. (B) Proportion of cells of each cluster is shown by tissue source. (C) Violin plots 

are shown depicting expression of cluster marker genes among cells from synovial tissue, 

synovial fluid, and blood. (D) Heatmaps show Z-scores of the average expression of selected 

genes, separated by tissue source. Most significantly enriched pathways per cluster are 

shown next to the heatmaps. (E) Most significantly enriched pathways per cluster are shown. 

(F) Projections of sorted innate-like T cell and NK cell populations are shown in UMAP 

space. (G) A heat map displaying differentially expressed genes between the GzmK and 

GzmB metaclusters, which make up the GzmK and GzmB gene signatures, is shown.
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Fig. 3. GzmK+ GzmB+ CD8 T cells have reduced cytotoxic potential in both healthy control 
blood and synovial fluid.
(A) Histograms show GzmB and perforin expression by the indicated CD8 T cell subset 

from healthy control blood (dashed lines) or RA synovial fluid (solid lines). (B) Cumulative 

mean fluorescence intensities (MFI) for GzmB and perforin staining by the indicated CD8 

T cell subset are shown for healthy control blood (n=9), RA blood (n=5), and RA synovial 

fluid (n=5). Bars represent SD. (C) Expression of cytotoxic markers CD57 and CX3CR1 

by the indicated CD8 T cell population are shown for healthy control blood, RA blood, or 

RA synovial fluid, as measured by flow cytometry. Bars represent SD. (D) RA synovial 

fibroblasts were incubated for 24 hours with recombinant enzymatically active GzmK in 

the culture supernatant or packaged into a protein transfection reagent (Pro-Ject). Cell death 

was measured by LDH release assay. Bars show SD of technical replicates. Representative 

of two independent assays. (E) RA synovial fibroblasts were incubated with recombinant 

GzmK, IFN-γ, or TNF for 24 hours, and IL-6 and CCL2 production was measured by 
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enzyme-linked immunosorbent assay (ELISA). Bars show mean ± SD of three technical 

replicates; representative of four independent assays. (F) Recombinant GzmK was packaged 

into a protein transfection reagent and applied to RA synovial fibroblasts. ROS production 

was measured by 2’,7’-dichlorodihydrofluorescein diacetate (H2DFCDA) fluorescence over 

time. (G to I) Expression of selected genes involved in (G) pro-inflammatory signaling, 

(H) IFN-γ signatures, and (I) antigen processing and presentation are shown for low-input 

RNA-seq data of RA synovial fibroblasts stimulated with supernatants from the indicated 

T cell subset. SF, synovial fluid; TPM, transcripts per million. Bars show mean ± SD of 

three biological replicates. Statistical testing was done by (B and C) Wilcoxon matched-pairs 

signed rank test (within tissues) and Mann-Whitney test (across tissues); (D, G to I) one-way 

ANOVA with Dunnett’s multiple comparisons test, comparing all groups to (D) media alone 

or (G to I) synovial fluid CD8 T cell supernatant-stimulated cells, and (E) unpaired t-test. 

n.s., not significant.
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Fig. 4. GzmK+ GzmB+ CD8 T cells are activated, tissue-resident CD8 T cells that do not show 
signs of exhaustion or senescence in blood and synovial fluid.
(A) A PCA plot is shown for low-input bulk RNA-seq data obtained from fixed and 

intracellularly stained RA synovial fluid CD8 T cells sorted for GzmK and GzmB 

expression. (B) Z-score heat maps of expression of selected genes in the low-input bulk 

RNA-seq dataset are shown. (C to E) The proportions of cells expressing markers of (C) 

activation (HLA-DR and CD69), (D) proliferation (Ki67), and (E) exhaustion or senescence 

(ICOS, PD-1, LILRB1) are shown for the indicated CD8 T cell subset in healthy control 

blood, seropositive RA blood, or seropositive RA synovial fluid, as measured by flow 

cytometry. (F to H) The proportions of cells within the indicated CD8 T cell subset 

producing IFN-γ and TNF are shown for healthy control blood (n=9), seropositive RA blood 

(n=10), or seropositive RA synovial fluid (n=10) after four hours of stimulation with (F) 

PMA and ionomycin or (G) anti-CD3/CD28 antibody-coated beads, or with (H) overnight 

stimulation with IL-12 and IL-15, as measured by intracellular cytokine staining. Statistical 
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testing was done by Friedman test. Due to space constraints, only selected statistically 

significant differences are labeled. Bars represent mean ± SD.
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Fig. 5. TCR repertoire data connects synovial GZMK+ CD8 T cells with GZMK+ CD8 T cells in 
blood.
(A) A UMAP plot of Louvain clustering of 11,030 single-cell profiles from RA synovial 

tissue (6,555 cells) and matched blood (4,475 cells) reveals 7 distinct clusters. (B) 

Expression of selected markers is shown for the individual clusters shown in (A). (C) 

Mapping of sister cells belonging to the top 3 most frequent clonotypes in blood and 

synovial fluid from two representative patients shows that cells within a clonotype tend 

to map to the same location within the UMAP, whether they are in blood or synovial 

tissue (ST). (D) Transcriptional cluster and tissue origin is shown for clonal cells in the 

50 analyzed clonotypes. Cells mapping to any of the five clusters other than GZMK+ or 

GZMB+ were categorized as “other.” (E and F) Correlations are shown for the frequency of 

synovial tissue cells among each of the 50 analyzed clonotypes and the frequency of clones 

in the GZMK+ (E) or GZMB+ (F) cluster in that clonotype. (G and H) Correlations are 

shown for the frequency of each of the 50 analyzed clonotypes among blood and synovial 
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tissue CD8 T cells in the GZMK+ (G) or GZMB+ (H) cluster in that individual. Statistical 

testing was done by Pearson correlation.
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Fig. 6. GZMK is prominently expressed by CD8 T cells isolated from multiple healthy and 
diseased tissues.
(A) The diagram illustrates the unbiased integration of 26,625 single-cell profiles from CD8 

T cells in RNA-seq datasets from healthy or diseased tissues from RA synovium, Crohn’s 

disease (CD) ileum, ulcerative colitis colon, lupus nephritis (LN) kidney, and COVID-19 

bronchoalveolar lavage fluid, where colors represent different tissue sources. The frequency 

of GZMK and GZMB gene expression was then assessed. (B) Expression pattern of GZMK, 

GZMB, and MKI67 (Ki67) is shown for the integrative dataset in UMAP space. The UMAP 

depicts expression of GZMK by cells from each individual tissue and disease state. (C) The 

percent of CD8 T cells from the indicated samples expressing GZMK or GZMB mRNA is 

shown. Data were analyzed by a two-tailed Wilcoxon rank-sum test. Boxplots summarize 

the median, interquartile range and 95% quantile range.
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