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Abstract

Loss of CD28 expression by CD8+ T cells occurs with age and during chronic inflammatory 

conditions. CD8+CD28− T cells are a heterogeneous cell subpopulation whose function ranges 

from immunosuppressive to effector. Here we analyzed the role of CD8+CD28− T cells in the 

pathogenesis of systemic sclerosis (SSc), a connective tissue disorder characterized by 

autoimmunity, vasculopathy and extensive cutaneous and visceral fibrosis. We show that the 

frequency of CD8+CD28− T cells is increased in the blood and affected skin of SSc patients, 

independent of patient age, and correlates with the extent of skin fibrosis. We found that the 

majority of skin-tropic CD8+CD28− T cells are resident in the skin lesions of patients in the early 

stage of the disease, exhibit an effector memory phenotype and present a strong cytolytic activity 

ex vivo. Skin-resident and circulating SSc CD8+CD28− T cells produce high levels of the pro-

fibrotic cytokine IL-13, which induces collagen production by normal and SSc dermal fibroblasts. 

Thus, our findings indicate that CD8+CD28− T cells represent a pathogenic T-cell subset in SSc 

and likely play a critical role in the early stage of SSc skin disease.
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INTRODUCTION

Lifetime immune stimulation to common antigens leads to gradual loss of CD28 expression 

by human T cells, particularly within the CD8+ T-cell compartment (Strioga et al., 2011). 

However, age-independent CD8+CD28− T-cell accumulation has also been observed during 

chronic viral infections and in some autoimmune conditions, likely resulting from persistent 

antigenic stimulation (Strioga et al., 2011, Weng et al., 2009).

Human CD8+CD28− T cells are generally defined as antigen-specific, oligoclonally 

expanded, terminally differentiated, senescent T cells (Valenzuela and Effros, 2002). 

Nevertheless, they are functionally active and some of their effector functions result from 

costimulatory receptors other than CD28 (Abedin et al., 2005). Human CD8+CD28− T cells 

are functionally heterogeneous, exhibiting either cytotoxic or immunosuppressive functions 

as well as the ability to produce cytokines, including IFNγ, TNFα, and IL-13 (Fann et al., 

2005, Strioga et al., 2011).

Changes of CD8+CD28− T-cell numbers have been observed in several autoimmune 

diseases (Dvergsten et al., 2013, Mikulkova et al., 2010, Schirmer et al., 2002, Sun et al., 

2008). In most of them CD8+CD28− T cells show highly cytotoxic activity and are 

associated with more severe disease manifestations, suggesting that they play an active role 

in the autoimmune response (Schirmer et al., 2002, Sun et al., 2008). However, in other 

autoimmune conditions CD8+CD28− lymphocytes are associated with suppressive activity 

(Mikulkova et al., 2010, Tulunay et al., 2008).

Systemic sclerosis (SSc) is an autoimmune disease characterized by inflammation, 

vasculopathy and fibrosis (Gabrielli et al., 2009). Although SSc is a clinically heterogeneous 

disorder, skin fibrosis is the prominent pathological manifestation (Gabrielli et al., 2009). 

Multiple studies have shown that inflammatory cells infiltrating affected skin produce 

cytokines and growth factors that activate fibroblasts, resulting in excessive fibrosis (Varga 

and Abraham, 2007). We previously showed that more severe skin thickening is associated 

with over-production of the profibrotic cytokine IL-13 by peripheral blood CD8+ T cells 

(Fuschiotti et al., 2009) and defects in the molecular control of IL-13 production (Medsger 

et al., 2011). Significantly, we found high numbers of CD8+ T cells and IL-13+ cells in the 

fibrotic SSc skin, particularly in the early stage of the disease (Fuschiotti et al., 2013).

Previous studies have shown that CD8+CD28− T cells are expanded in the blood of SSc 

patients (Fenoglio et al., 2011). However, their contribution to disease pathogenesis has not 

been characterized in detail. Based on these data and on recent findings showing that skin-

resident T cells can contribute to autoimmune and inflammatory skin diseases (Clark, 2015), 

we seek to investigate whether CD8+CD28− lymphocytes are directly implicated in SSc 

skin disease.
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RESULTS

The frequency of circulating and skin-resident CD8+CD28− T cells is increased in SSc 
patients independent of age

We determined CD28 expression by circulating CD8+ T cells from SSc patients and age-

matched NDs using flow cytometry (Figure 1a–b). SSc patients exhibited a higher frequency 

of CD8+CD28− T cells with a median of 45.1% compared to controls (median 19.5%; p< 

0.0001). Furthermore, we found higher frequencies of CD8+CD28− T cells in dcSSc 

(median 52.1%) compared to lcSSc (median 28.4%; p< 0.0001; Figure 1c). As expected, 

there was a correlation between the frequency of CD8+CD28− T cells and age in both SSc 

patients (r=0.51, p< 0.0001) and NDs (r=0.43, p<0.0001). In regression analysis the 

frequency of CD28+CD28− T cells was a significant independent predictor of SSc presence 

(p=0.05) after adjustment for age (p=0.04) and the interaction of age and CD28+/CD28− 

positivity.

We next investigated the relationship between SSc CD8+CD28− T cells and skin thickness 

measured by mRSS, and found they correlated moderately (r=0.66, p< 0.0001). After 

adjusting for age, CD8+CD28− T cell frequency continued to highly correlate with mRSS 

(r=0.72; p<0.001) in SSc patients. We found no significant association between 

CD8+CD28− T-cell percentages and disease duration in the patients analyzed (data not 

shown). Moreover, the frequency of CD4+CD28− T cells also increased with age in patients 

and controls but without significant accumulations in patients (data not shown), suggesting 

that loss of CD28 expression in SSc is more a feature of CD8+ rather than CD4+ T 

lymphocytes.

We next investigated whether CD8+CD28− cells were present in the sclerotic skin of 

patients. Cell suspensions obtained from 3 mm skin biopsies from patients with early dcSSc 

were analyzed by flow cytometry. Gating strategies are depicted in Figure 1d. We identified 

both CD8+ and CD4+ T cells from patient samples (2.9±0.9% and 5.0±0.9%, respectively). 

However, in the same size biopsy of normal skin from age-matched donors we found CD4+ 

T cells (6.3±0.7%) but only scant numbers of CD8+ T cells (0.6±0.9%), insufficient for 

further analyses. This finding is in line with our current (Figures 3d, 4d, S1) and previous 

work (Fuschiotti et al., 2013) in which we could not detect any CD8+ T cells by IHC and IF 

in normal skin. By multicolor flow cytometry, we demonstrated that the majority of CD8+ T 

cells in the skin of patients lacks expression of CD28 (72.3±13.8%, Figure 1d). This was 

confirmed by IHC analyses, in which we detected high numbers of CD8+ T cells in early 

dcSSc patients but were unable to detect any CD28 expression (Figure S1). Further analyses 

showed that skin SSc CD8+CD28− T cells expressed skin-homing receptors such as CCR10 

and CLA (Figure 1d–e) and exhibited markers of skin-resident T cells (Watanabe et al., 

2015) such as expression of the early acute activation marker CD69 (Figure 1d and f), 

although only few cells expressed the αE integrin CD103.

A comparison of the expression of these markers between skin-resident and circulating 

CD8+CD28− T cells is shown in Figure 1e–f. Expression of skin-homing receptors was 

limited to only a small fraction of circulating CD8+CD28− T cells, while most of 

skinresident CD8+CD28− lymphocytes expressed one or both of these receptors (Figure 1e). 
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As expected, expression of CD69 was only detected on skin-resident cells, while circulating 

CD28− lymphocytes were uniformly negative (Figure 1f).

Circulating and skin-resident SSc CD8+CD28− T cells exhibit effector and effector/memory 
phenotypes and express markers of cytotoxicity

To characterize the functional phenotype of SSc CD8+CD28− T cells we assessed the 

relationship between expression of CD45RA/CD27 and CD28 by flow cytometry (Hamann 

et al., 1997, Takata and Takiguchi, 2006). Our analysis revealed that SSc CD8+CD28− T 

cells were uniformly present in the effector and effector/memory subpopulations in all 

patients tested (Figure 2a–b, p<0.001). In comparison, we found that only a few age-

matched NDs exhibited high numbers of CD8+CD28− T cells in the effector and effector/

memory pools (Figure 2b, p<0.001 vs. patients) and none in the other subsets. Skin-resident 

CD8+CD28−T cells uniformly exhibited an effector/memory phenotype (Figure 2c).

Cytolytic effector molecules, such as perforin and GraB, are used as markers for effector 

CD8+ lymphocytes (Appay et al., 2002, Takata and Takiguchi, 2006, Wolint et al., 2004). 

Figure 3a–b shows that the majority of circulating SSc CD8+CD28− T cells expressed high 

levels of perforin and GraB molecules, supporting previous studies showing that 

CD8+CD27−CD28−CD45RA+/− cells have potent cytotoxic activity (Takata and Takiguchi, 

2006). Cell surface expression of the granular membrane protein CD107a has been widely 

used as a marker for degranulating cytotoxic lymphocytes (Aktas et al., 2009, Betts et al., 

2003). In Figure 3c we show that CD107a expression was low in unstimulated cells and was 

induced on the cell surface of SSc CD8+CD28− T cells following activation-induced 

degranulation. In parallel, intracellular perforin levels were high in unstimulated cells but 

declined following activation and acquisition of CD107a cell surface expression (Figure 3c, 

upper panel). In contrast, CD8+CD28+ cells exhibited up-regulated CD107a expression after 

activation, but perforin was not detected before or after stimulation (Figure 3c, lower panel), 

consistent with previous studies showing that memory CD8+ T lymphocytes are unable to 

induce immediate cytotoxic activity (Wolint et al., 2004). On immunohistochemical 

analysis, double staining of CD8 and GraB demonstrated the presence of CD8+GraB+ cells 

in the affected skin of patients with early active disease (Figure 3d). Double positive cells 

were found predominantly in perivascular areas as well as in the deep dermis and the 

subdermal fat layer, whereas NS was negative for CD8 and GraB expression (Figure 3d).

SSc CD8+CD28− T cells in the blood and skin of patients produce high levels of IL-13 and 
IFNγ

We have shown previously that peripheral blood CD8+ T cells from SSc patients produce 

high levels of pro-fibrotic IL-13 (Fuschiotti et al., 2009). Here we sought to determine the 

CD8+ T-cell subset responsible for excessive IL-13 production. We purified CD8+CD28+ 

and CD8+CD28− subsets from the blood of patients and controls, and determined IL-13 

production by intracellular staining. We found that IL-13 produced by SSc CD8+ T cells is 

entirely from the CD8+CD28− T cells in all patients tested (Figure 4a–b). No IL-13 

production was detected in CD28+ lymphocytes (p<0.001, Figure 4a–b). We also observed a 

small but not statistically significant increase in IL-13 in blood CD8+CD28− cells from a 

few normal controls, in line with previous observations (Fann et al., 2005).
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We next determined production of IFNγ and IL-10 by circulating CD8+CD28− T cells. We 

found high level production of IFNγ by CD8+CD28− T cells compared to CD8+CD28+ 

cells, both in patients and controls (Figure 4a–b), likely related to the effector phenotype of 

these cells. We found no IL-10 producers in the CD28− subsets of either patients or controls 

(Figure 4a–b) and no TGFβ production in all samples tested (data not shown).

Comparison of cytokine production between skin and blood SSc CD8+CD28− T cells from 

the same patient in each case revealed a substantial increase in the frequency of IL-13+IFNγ
+ in the skin (Figure 4c, p<0.001). Moreover, by immunofluorescence staining we observed 

a significant accumulation of CD8+IL-13+ cells in the dermis, particularly in areas with 

increased matrix deposition in the skin of 5 early dcSSc patients (Figure 4d). As shown 

earlier (Fuschiotti et al., 2013), no CD8+ T cells or expression of IL-13 were detected in 

normal skin matched for anatomical site (Fig. 4d).

SSc CD8+CD28− T cells induces a profibrotic phenotype in SSc and normal dermal 
fibroblasts in vitro and are cytotoxic

We co-cultured ND and SSc dermal fibroblasts with CD8+CD28− T-cell supernatants to 

establish whether IL-13 produced by SSc CD8+CD28− T cells has a pro-fibrotic effect on 

skin fibroblasts. Culture supernatants from 5-day in vitro activated SSc and ND 

CD8+CD28+/− T cells were added to dermal fibroblasts. After a 24-hour incubation, we 

assessed COL1A1 production by western blot in fibroblasts lysates and culture supernatant. 

We found that SSc CD8+CD28− T-cell supernatants induce a significant increase of 

COL1A1 production in ND and SSc dermal fibroblasts compared to those from normal 

controls or CD8+CD28+ subsets. Similar results were obtained for fibronectin production 

(data not shown). Furthermore, pre-treatment of SSc CD8+CD28− T-cell supernatants with a 

neutralizing anti-IL-13 antibody reduced COL1A1 production by ND and SSc dermal 

fibroblasts (Figure 5a–d), suggesting that IL-13 produced by SSc CD8+CD28− T cells is 

playing a primary role in inducing extracellular matrix production by fibroblasts.

Using the Annexin V-based cytotoxicity assay (Goldberg et al., 1999), we next assessed the 

cytotoxic function of freshly isolated SSc CD8+CD28− T cells on allogeneic SSc dermal 

fibroblasts. In this assay system, APC-conjugated CD8 mAb was used to differentiate 

effector (SSc CD8+CD28− lymphocytes) from target (fibroblast) cell populations. SSc 

CD8+CD28− cells are CD8high while fibroblasts are CD8-negative (Figure 5ei and eii). The 

Annexin V-FITC staining pattern of the gated CD8-negative population is shown in Figure 

5ev–eviii. Fibroblast targets are almost entirely Annexin V-negative before exposure to SSc 

CD8+CD28− lymphocytes (Figure 5evi and f). At t=0 (Figure 5evii and f), only 6.8±2.3% of 

the fibroblasts are Annexin V-positive using population gating analysis, while at 3 hours co-

culture, 54.3±7.9% of fibroblasts are Annexin V-positive (Figure 5eviii and f). Thus, our 

findings indicate that SSc CD8+CD28− T cells possess cytolytic activity against allogeneic 

dermal fibroblasts.

DISCUSSION

CD8+CD28− T cells are expanded in the peripheral blood of patients with chronic 

inflammatory diseases. Although some studies have analyzed these cells in SSc (Fenoglio et 
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al., 2011), their functional role in the pathogenesis of the disease is not well characterized. In 

this study, we found an age-independent accumulation of CD8+CD28− T cells in the blood 

and affected skin of SSc patients that correlated with the extent of skin fibrosis. Most 

CD8+CD28− T cells were skin-tropic or skin-resident and exhibited pro-fibrotic and 

cytotoxic functions. Thus, our results indicate that CD8+CD28− T cells represent a 

pathogenic subset in SSc and likely play a critical role in SSc skin disease.

Skin-resident memory T cells provide rapid in situ protection against most common 

pathogens (Clark et al., 2006, Thome and Farber, 2015), however, their dysregulation can 

contribute to autoimmune and inflammatory skin diseases (Clark, 2015). We found that most 

CD8+ T cells in the thick skin of SSc patients have lost expression of CD28 and express 

skin-homing receptors such as CLA and CCR10. Expression analysis of tissue-resident 

markers CD69 and CD103 revealed that the majority of skin SSc CD8+CD28− T cells are 

CD69+CD103− as found in skin-resident T cells confined to normal dermis (Watanabe et al., 

2015). This phenotype was further confirmed by immunohistochemical analysis of affected 

skin of dcSSc patients, showing that CD8+CD28− T cells were restricted to the lower 

dermis and subdermal fat. Upregulation of CD69 and CD103 expression by skin-resident 

CD8+CD28− T cells may result from distinct signals received by these cells in situ, such as 

TCR activation (Ziegler et al., 1994) or in response to specific cytokines (Shiow et al., 

2006). Significantly, tissue-resident memory T cells downregulate CD28 in response to 

TCR-triggered activation/proliferation (Lo et al., 2011). CD69 also retains cells in tissue by 

suppressing the activity of the sphingosine-1-phosphate receptor (Matloubian et al., 2004, 

Skon et al., 2013).

Phenotypic characterization of skin-resident SSc CD8+CD28− cells indicates that they all 

have an effector-memory phenotype, while circulating SSc CD8+CD28− cells represent a 

subset of highly differentiated effector T cells that express perforin and GraB at high levels, 

produce IFNγ and possess immediate strong cytolytic activity ex vivo. A previous gene 

expression study showed a 4-fold higher expression of GraB in SSc skin compared to NS 

(Rice et al., 2015). Significantly, we found numerous CD8+CD28−IFNγ+ and 

CD8+CD28−GraB+ T cells in the affected skin of early dcSSc patients, where they could be 

directly involved in disease pathogenesis. Autoantigens in systemic autoimmune diseases 

may be generated by GraB produced from cytotoxic T lymphocytes (Casciola-Rosen et al., 

1999) and, interestingly, autoantibodies from a subset of SSc patients recognize self-protein 

fragments generated by GraB (Kahaleh and Fan, 1997). Furthermore, GraB and perforin 

inhibit endothelial cell growth in SSc after vascular injury (Kahaleh and Fan, 1997). Thus, 

SSc CD8+CD28− T cells may be inducing vascular damage and initiating and propagating 

specific autoimmune responses.

A recent study showed that peripheral blood SSc CD8+CD28− T cells have suppressor 

activity in vitro (Fenoglio et al., 2011). While the mechanism was not identified, we were 

unable to detect any production of immunosuppressive cytokines such as IL-10 and TGFβ 
by ex vivo isolated SSc CD8+CD28− cells. Both cytotoxic and suppressor subsets may 

coexist, in line with the knowledge that CD8+CD28− lymphocytes are characterized by 

multiple functional subsets (Strioga et al., 2011). However, the existence and relevance of 

such an inhibitory subset has yet to be examined in vivo.
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IL-13 is a prominent cytokine participating in the pathogenesis of fibrosis in many diseases 

(Wynn, 2004). The importance of IL-13 in SSc is supported by recent work by us (Fuschiotti 

et al., 2013, Fuschiotti et al., 2009) and others (Aliprantis et al., 2007, Greenblatt et al., 

2012, Hasegawa et al., 1997). We first described IL-13 production by CD8+ T cells with SSc 

(Fuschiotti, 2011, Fuschiotti et al., 2013, Fuschiotti et al., 2009). Here we show both in skin 

and blood that CD8+CD28− T cells are the CD8+ T-cell subset responsible for excessive 

IL-13 production. Moreover, IL-13 produced by SSc CD8+CD28− T-cell supernatants 

induced extracellular matrix production in normal and SSc dermal fibroblasts, supporting the 

notion that SSc CD8+CD28−IL-13+ T cells are profibrotic. Strikingly, same patient analyses 

showed that the proportion of skin-resident CD8+CD28− T cells producing IL-13 is greatly 

increased compared to their circulating counterparts, and that these cells also produce IFNγ. 

Furthermore, we provide direct evidence that CD8+CD28−IL-13+ T cells are present in the 

affected skin of SSc patients in the early inflammatory stage of the disease, and are therefore 

directly implicated in mediating dermal fibrosis in SSc.

In conclusion, we identified a pathogenic CD8+ T-cell subset that resides in the affected skin 

of SSc patients in the early stage of disease and which has direct cellular cytotoxicity and 

pro-fibrotic function. This finding sheds light on the pathogenesis of SSc skin disease.

MATERIAL AND METHODS

Blood and skin samples

Research protocols involving human subjects were approved by the Institutional Review 

Board of the University of Pittsburgh. All participants gave their written informed consent.

We obtained blood samples from 65 SSc patients seen in the Scleroderma Clinic, University 

of Pittsburgh Medical Center (UPMC). The patients were well-characterized in terms of 

disease subtype, clinical features and therapy and fulfilled either the classification criteria for 

SSc proposed by the American College of Rheumatology (Masi, 1980) or the early SSc 

diagnostic criteria of LeRoy and Medsger (LeRoy and Medsger, 2001). Disease subtype, 

internal organ involvement (presence and severity) were assessed according to established 

criteria (LeRoy et al., 1988, Medsger et al., 2003). Patients were classified into two subsets 

on the basis of the extent of skin involvement: diffuse cutaneous SSc (dcSSc) and limited 

cutaneous SSc (lcSSc). Age range was 22– 80 years with a mean±SD of 49.1±15.3. The 

female-to-male ratio was 4:1. Thirty-seven patients had lcSSc and 28 dcSSc. Disease 

duration in these two groups was 7.1±4.7 and 5.3±3.9 years (mean±SD), respectively. 

Control blood samples were obtained from 35 normal donors (NDs) of the Central Blood 

Bank of Pittsburgh. Age range was 20–72 years and the female-to-male ratio was 3:5.

Full-thickness skin biopsy specimens (3 mm) were obtained from clinically involved skin of 

15 early dcSSc patients (disease duration < 2 years), 13 from the UPMC and 2 from the 

NIAMS Scleroderma Center of Research Translation Repository (Boston University). Site-

matched normal skin samples (NS) were obtained from 13 age- and sex-matched healthy 

donors with no history of connective tissue diseases, recruited at the UPMC (n=8) and from 

the Cooperative Human Tissue Network (n=5).
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Blood and skin samples were collected only from SSc patients not treated with 

immunosuppressive drugs or treated with low dose prednisone (30%, dose: 5–10 mg/day).

Cell isolation and culture

PBMCs purification from human blood and CD8+ T-cell isolation were performed as 

previously described (Fuschiotti et al., 2009). CD8+CD28− T cells were purified by negative 

cell sorting from the enriched CD8+ T-cell subset (Miltenyi Biotech). The purity of 

CD8+CD28+/− T cells (>90%) was determined by flow cytometry.

The 3 mm skin biopsies from 5 dcSSc patients and from 5 age-matched NDs were digested 

using the Whole Dissociation Skin kit (Miltenyi), following the manufacturer’s instructions. 

In preliminary experiments we compared this method with collagenase digestion (Schaerli et 

al., 2004) and obtained similar results in terms of yield and phenotype of isolated T cells.

In some experiments cells were cultured in complete RPMI-1640 medium (GIBCO, 

Invitrogen) and activated with plate-immobilized anti-CD3 (UCHT1, 5μg/ml, BD 

Biosciences) mAb and rhIL-2 (20 U/ml, PeproTech).

Dermal fibroblast isolation and culture were performed as previously described (Fuschiotti 

et al., 2013). Briefly, normal and SSc skin fibroblasts were grown to near confluence in 

complete DMEM medium and were serum starved overnight prior to adding aliquots of 

supernatant from control or SSc CD8+ T-cell subsets (1:2 dilution). For IL-13 inhibition 

experiments, conditioned SSc supernatants were pre-incubated for 1 hour at 37°C with an 

anti-IL-13 neutralizing antibo dy (0.1 μg/ml, Peprotech) before being added to fibroblasts. 

After 24 hours, fibroblasts and culture supernatants were harvested and Western blot was 

performed to measure protein levels of COL1A1. Band intensities were quantified using 

ImageJ (http://rsbweb.nih.gov/ij/).

Annexin V-based killing assay

Annexin V-based cytolysis assay was performed as previously described (Goldberg et al., 

1999). Briefly, effector (SSc CD8+CD28− T cells, n=5) and target cells (SSc fibroblasts, 

n=2) were co-cultured at 5:1 ratio for 0 or 3 hours at 37°C. Cells were then pelleted by 

centrifugation, washed, and stained for CD8 and Annexin V expression (ebioscience), 

followed the manufacturer’s indications. Stained cells were analyzed by flow cytometry.

Analysis of cell surface and intracellular protein expression

Cell surface phenotype, cytokines, perforin, and granzyme B (GraB) production of purified 

blood and skin T-cell subsets were determined by multicolor flow cytometry as described 

previously (Fuschiotti et al., 2009). Degranulation assay was performed by determining cell 

surface expression of CD107a in cells activated for 5 hours with plate-immobilized anti-CD3 

mAb as previously described (Betts et al., 2003).

Immunohistochemistry (IHC) and immunofluorescence (IF) microscopy

Paraffin-embedded skin biopsies (5mm) were stained with anti-human mouse anti-CD8 and 

rabbit anti-GraB (Abcam) Abs, as previously described (Fuschiotti et al., 2013). Skin 
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samples were imaged on an Axiovert PLUS microscope (Zeiss) equipped with an Axiocam 

(MRC) and analyzed using the Axiovision software.

Frozen samples cryo-sectioned at 7μm were stained for double-color immunofluorescence 

(Geskin et al., 2015) using mouse anti-CD8 and rat anti-IL-13 antibodies (Abcam). Images 

were collected on an Olympus Fluoview 1000 confocal microscope equipped with an oil 

immersion 100× objective.

Statistical analysis

Correlation analyses were performed by calculating the Spearman rank correlation 

coefficient with partial correlation analysis performed to adjust for age (SAS 9.3 Software). 

Wilcoxon rank sum test was used to compare the modified Rodnan skin scores (mRSS) 

(Clements et al., 1993) with blood CD8+CD28− frequencies. Multiple group comparisons 

were done by one-way ANOVA followed by a post-hoc Tukey’s test (Prism, GraphPad 

Software). We considered p<0.05 (indicated * in Figures) as significant, p<0.01 (**) as very 

significant, and p<0.001 (***) as highly significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Age-independent accumulation of CD8+CD28− T cells in the blood and skin of SSc 
patients correlates with the extent of skin fibrosis
Representative CD28 expression profiles by peripheral blood CD8+ T cells in controls or 

patients (a). Lymphocyte population was gated according to light scatter characteristics 

(FSC/SSC). CD8+ T cells were identified as CD8+CD3+ cells. Proportion of circulating 

CD8+CD28− T cells in patients (n=65) and controls (n=32) (b) or in dcSSc (n=28) and 

lcSSc (n=37) patients (c). Groups in (b) and (c) are shown as boxplots with the median 

indicated as horizontal line and whiskers from minimum to maximum. P values were 

determined by Wilcoxon rank sum test. (d) Representative cell surface phenotype of skin-

resident CD8+ T cells in normal (NS, n=5) or SSc (n=5) skin. Freshly isolated skin cell 

suspensions were gated on lymphocyte scatter and CD8 positivity. Comparison of skin-

homing receptor expression (E) and skin-resident marker expression (f) by CD8+CD28− T 

cells in blood and skin of SSc patients. Statistics by ANOVA followed by post hoc Tukey’s 

test.
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Figure 2. Blood and skin-resident SSc CD8+CD28− T cells exhibit effector and effector/memory 
phenotypes
(a–b) Cell surface CD28 expression by circulating CD8+ T-cell subsets. (a) Data are gated 

on lymphocyte scatter and CD8 positivity. CD8+-gated cells were separated into naïve 

(CD45RA+CD27+), CM (CM, CD45RA−CD27+), effector/memory (EM, CD45RA− 

CD27−), and effector (E, CD45RA+CD27−) based on CD45RA and CD27 expression. Each 

of these subsets was analyzed for CD28 co-expression. A representative example is depicted. 

(b) Frequency of CD8+CD28− T cells in total, effector, naïve, CM and EM CD8+ T cells 

from SSc patients (n=29) and NDs (n=18). Each symbol represents one patient or a control. 

The mean response is shown as a horizontal line. (c) Expression of CD45RA and CD27 by 

SSc skin-resident CD8+CD28− T cells. CD8+CD28− T cells were gated as described in 

Figure 1d. A representative example is shown (upper panel). Phenotype of skin-resident 

CD8+CD28− T cells from 5 patients. In panels (b and d), statistics by ANOVA followed by 

post-hoc Tukey’s test.
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Figure 3. SSc CD8+CD28− T cells in blood and skin express markers of cytotoxicity
(a) Perforin and GraB expression in total CD8+ and CD8+CD28+/− circulating T cells in a 

representative SSc patient. (b) Frequency of cells expressing perforin and GraB in each CD8 

subset from 8 SSc patients. Each symbol represents one patient or a control. Statistics by 

ANOVA and post-hoc Tukey’s test. (c) Surface expression of CD107a and intracellular 

content of perforin were analyzed by flow cytometry in stimulated and unstimulated SSc 

CD8+CD28+/− T cells. A representative example is shown. (d) Expression of GraB by 

CD8+ T cells in the affected skin of patients with early dcSSc. Representative examples of 

H&E staining of NS and SSc skin (upper panel – scale bar = 40μm). Double-color 

immunohistochemistry for CD8 (red) and GraB (black) in normal (NS, n=4) and SSc skin 

(n=5), (200×, Inset 500×) (lower panel – scale bar = 20μm). A representative example is 

shown.
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Figure 4. SSc CD8+CD28− T cells produce high levels of IL-13
Purified CD8+CD28+ and CD8+CD28− T-cell subsets from SSc patients and NDs were 

cultured in vitro for 5 days and then stimulated for 6 hours with PMA and ionomycin. 

Intracellular cytokine staining was used to determine the proportion of IL-13+ (n=9), IL-10+ 

(n=8), and IFNγ+ (n=8) cells. (a) A representative example from one SSc patient is shown. 

(b) Comparison of the mean percentage of cytokine-positive cells in each CD8+ T-cell 

subset from SSc patients and age-matched NDs. Each symbol represents one patient or a 

control. Statistics by ANOVA followed by post hoc Tukey’s test. (c) Cytokine production by 

skin-resident CD8+CD28− T cells was determined as indicated above. A representative 

example is shown (upper panels). Comparison of cytokine production by CD8+CD28− T 

cells in the blood and skin of (n=5) (lower panel). Statistics by ANOVA followed by post 

hoc Tukey’s test. (d) Representative examples of H&E staining of NS and SSc skin (upper 

panel – scale bar = 40μm). Representative example of double color immunofluorescence 

staining for CD8 and IL-13, 1000× (lower panels – scale bar = 1μm). Skin samples from 5 

early dcSSc patients and 4 NDs were analyzed giving similar results. DAPI stains nuclei.
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Figure 5. SSc CD8+CD28− T cells are pro-fibrotic and cytotoxic to dermal fibroblasts in vitro
(a–b) Normal dermal fibroblasts were stimulated for 24 hours with CD8+CD28− and 

CD8+CD28− T-cell subset supernatants from ND (n=7) or SSc patients (n=8) with or 

without pre-incubation with a neutralizing anti-IL-13 antibody. COL1A1 production was 

determined in culture supernatants (sp) or cell lysates (lys) by Western blot. A representative 

experiment out of seven independent experiments from different SSc patients is shown. SSc 

dermal fibroblasts were obtained from two early dcSSc patients (pt 1 and 2) and were 

cultured with ND (n=8) and SSc (n=10) CD8+CD28− T-cell supernatants. (c) Representative 

Western blot for COL1A1 protein expression in fibroblast culture media (sp) and 

densitometric quantification of secreted COL1A1 protein (d). SSc CD8+CD28− cells (ei) or 

fibroblasts (eii) alone as well as mixed at a 5:1 ratio (eiii, eiv) were incubated in media for 0 

or 3 hours. Lymphocyte and fibroblast populations were gated according to light scatter 

characteristics (FSC/SSC). The horizontal lines in panels ei–eiv designate the CD8-negative 

target cell gate used for analysis of Annexin V positivity in panels ev–eviii. This experiment 

is representative of three similar experiments. Percent Annexin V-positive cells was 
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determined by population gating (f). Statistics in b,d, and f by ANOVA followed by post hoc 

Tukey’s test.
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