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Abstract

Objective—The role of tumor necrosis factor (TNF) in systemic sclerosis (SSc) remains 

controversial. The present study was undertaken to investigate the influence of TNF receptor 

(TNFR)–costimulated lymphocytes on collagen expression in fibroblasts.

Methods—TNFR expression on mononuclear cells from the dermis and blood of SSc patients 

was assessed by flow cytometry. Peripheral blood CD3+ lymphocytes were activated with CD3/

CD28 beads and costimulated with TNFR-selective variants. Expression of interleukin-6 (IL-6), 

soluble IL-6 receptor (sIL-6R), IL-10, and IL-13 was detected by enzyme-linked immunosorbent 

assay or quantitative reverse transcription–polymerase chain reaction. Healthy fibroblasts were 

incubated with conditioned media from TNFR-costimulated T lymphocytes, and type I collagen 

expression was quantified.

Results—TNFRI and TNFRII were up-regulated on dermal T lymphocytes from patients with 

diffuse cutaneous SSc. TNFRII expression correlated with skin thickening. After CD3/CD28 

activation, peripheral blood lymphocytes from SSc patients produced more IL-6, sIL-6R, and 

IL-13 compared to healthy lymphocytes. Costimulation with TNFRI-selective ligands and soluble 

TNF further increased IL-6 expression, whereas costimulation with TNFRII led to greater release 

of sIL-6R. IL-10 expression, which normally occurs after TNFRII costimulation, was impaired in 

SSc T cells. Supernatants of TNF-costimulated SSc lymphocytes induced higher type I collagen 
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expression in fibroblasts, which was partially reversible by dual inhibition of IL-6 and IL-13. 

Expression of TNFR and IL-6 in the dermis was reversible in a patient who received 

lymphoablative therapy prior to autologous hematopoietic stem cell transplantation.

Conclusion—TNF-costimulated T lymphocytes from SSc patients have a propensity to secrete 

profibrotic cytokines, while the ability to produce IL-10 is weakened. These results suggest that T 

lymphocytes in SSc support fibrosis, but might lack the capacity to resolve inflammation.

Systemic sclerosis (SSc) is an autoimmune connective tissue disease that leads to excessive 

fibrosis of the skin and internal organs. It is characterized by vasculopathy and persistent 

low-grade inflammation, which ultimately result in increased extracellular matrix deposition 

by fibroblasts and myofibroblasts (1). The inflammatory cell infiltrate in the affected dermis 

of SSc patients consists mainly of T lymphocytes, likely attracted by antigen-presenting 

cells or mast cells (2–5). Lymphocytes in SSc tissue undergo oligoclonal expansion, which 

indicates antigen-specific activation and costimulation (6). Teff cells in the peripheral blood 

of patients with SSc are also activated, as demonstrated by their expression of HLA–DR or 

tumor necrosis factor receptor (TNFR) (7,8). It is commonly accepted that Th2 cytokines, 

such as interleukin-4 (IL-4), IL-6, and IL-13, are overexpressed in SSc (7,9). In addition, it 

was recently suggested that functionally defective Treg cells are quantitatively increased in 

SSc (10). Accordingly, Treg cells producing IL-10 are reduced in both the blood (11) and the 

dermis (12) of SSc patients. As shown in lung fibrosis, IL-10 not only acts as an 

antiinflammatory mediator but also is antifibrotic, notably in association with the IL-13α 
decoy receptor (13).

There is growing evidence that the interaction between T cells and fibroblasts via IL-6 and 

IL-13 influences the deposition of extracellular matrix in SSc (14) and that T cells can 

trigger the differentiation of hematopoietic cells into fibrocytes (15). In SSc dermis, 

inflammatory cell infiltration colocalizes with collagen production and clinically correlates 

with skin thickening (5). T cell transfer from bleomycin-treated mice to healthy animals 

induces skin thickening (16), highlighting the critical role of T lymphocytes in SSc.

TNF is a pleiotropic cytokine that is mainly known for its proinflammatory properties. 

However, TNF also has immunosuppressive feedback effects (17,18), as well as profibrotic 

properties (19). Both in SSc patients and in animal models, soluble and in situ levels of 

TNFR are up-regulated in blood and skin, and increased levels of TNF in tissue and blood, 

correlating with disease activity, have been described (20–23). Soluble TNF (sTNF) has 

been shown to mediate the transition from pulmonary inflammation to fibrosis, e.g., by 

triggering transforming growth factor β (TGFβ) expression (24), and experimental lung 

fibrosis responds to TNF antagonist treatment (25). In clinical studies, blockade of TNF with 

etanercept or infliximab has been investigated in different SSc cohorts. Etanercept was 

effective in SSc-associated arthritis, and reduced skin thickening was reported (26). In 

another recent study, no significant change in the skin score was observed after treatment 

with infliximab (27). Given the modest clinical effect of TNF inhibitors observed in those 

trials, the role of TNF in SSc pathogenesis remains controversial (28). The notion that TNF 

does have some role is supported by the findings that TNF-treated fibroblasts exhibit 

reduced collagen expression and that membrane-bound TNF on nonactivated lymphocytes 
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reduces collagen expression in fibroblasts, suggesting protection against the development of 

fibrosis (29).

The heterogeneous effects of TNF might be attributed to its 2 different forms: the 

membrane-bound form and (after cleavage by TACE) the soluble form (30). Furthermore, 

TNF responses are mediated via 2 different receptors, TNFRI (CD120a; p55) and TNFRII 

(CD120b; p75). Whereas TNFRI is efficiently activated by both forms of TNF, TNFRII is 

efficiently activated only by membrane-bound TNF, thus being dependent on cell contact 

(31). TNFRI is ubiquitously expressed at low levels on the plasma membrane, whereas 

TNFRII is highly regulated in its expression and primarily found on immune cells, 

endothelial cells, and neurons including activated Teff and Treg cells (32). Proliferation of 

peripheral T cells also appears to be mediated by TNFRII, indicating the role of TNFRII as a 

costimulatory molecule (33). Moreover, TNFRII has been shown to promote the function 

and expansion of Treg cells (17). In several recent reports, it was postulated that TNFRII is 

involved in fibrogenesis and that its overexpression and subsequent shedding by proteases 

exerts antiinflammatory effects by binding and inactivating sTNF (19). Indeed, collagen 

accumulation and proliferation in intestinal myofibroblasts induced by TNF is mediated 

primarily through TNFRII, as genetic deletion of TNFRII leads to reduced TNF-induced 

collagen production (19).

To date, the different fibrogenetic effects of TNFRI and TNFRII on SSc lymphocytes have 

not been addressed. The aim of this study was therefore to identify cell types with high 

TNFR expression in the dermis of SSc patients and to perform mechanistic studies by 

selective TNFR costimulation of SSc lymphocytes with subsequent cytokine analysis and 

assessment of the effects on collagen production by dermal fibroblasts.

Patients and Methods

Patient recruitment

Patients with SSc were recruited from Freeman Hospital in Newcastle upon Tyne, UK and 

James Cook University Hospital in Middlesbrough, UK. Ethics approval and written 

informed consent were obtained. All patients were age 18 years or older and fulfilled the 

American College of Rheumatology (ACR) criteria for SSc (34). Skin biopsy samples were 

obtained from 12 patients. (Patient characteristics are described in Supplementary Table 1, 

on the Arthritis & Rheumatism web site at http://onlinelibrary.wiley.com/journal/10.1002/

(ISSN)1529-0131.) Six of these patients had diffuse cutaneous SSc (dcSSc), 5 had limited 

cutaneous SSc, and 1 had prescleroderma with Raynaud’s phenomenon, anticentromere 

antibodies, and abnormal results on nailfold capillaroscopy. One patient with dcSSc who 

received lymphoablative therapy followed by hematopoietic stem cell transplantation 

(HSCT) underwent two skin biopsies, one before and one 6 months after HSCT.

T cells from peripheral blood were obtained from a further 8 patients who fulfilled the ACR 

criteria for SSc. Healthy control skin samples were obtained from patients undergoing breast 

reduction surgery.
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Flow cytometry and immunohistochemistry analysis of skin biopsy samples

Skin cells from the forearm of 12 SSc patients were analyzed by multicolor flow cytometry 

using a modification of a technique described by Haniffa et al (35). Briefly, a 4-mm punch 

biopsy was performed with local anesthesia. The skin was digested for 1 hour with 10 

units/ml Dispase (Gibco BRL) in X-Vivo medium (Cambrex). The epidermis was removed 

with a scalpel and the dermis was further digested in 1.6 mg/ml type IV collagenase 

(Worthington) overnight in X-Vivo medium. Cells were resuspended and incubated for 10 

minutes at 4°C in 1% mouse IgG (Sigma). They were then stained with directly fluorophore-

coupled antibodies to CD45, HLA–DR, CD14, CD1a, CD3, CD4, CD19 (all from Becton 

Dickinson), and TNFRI and TNFRII (R&D Systems) for 1 hour on ice. Multicolor flow 

cytometry with prior adequate compensation procedures was performed using a BD LSRII 

cytometer and FACS Diva software. Macrophages were identified on the basis of 

autofluorescence at 488/610 nm. TNFR expression was quantified by calculating the relative 

mean fluorescence intensity.

For immunohistochemistry, skin biopsy samples were fixed in 4% paraformaldehyde and 

embedded in paraffin. After sectioning, the samples were deparaffinized and then stained 

with hematoxylin and eosin or with an anti-CD3 antibody (Abcam) for 1 hour after blocking 

with 3% bovine serum albumin. For detection, the specimens were incubated for 30 minutes 

with horseradish peroxidase–labeled secondary goat anti-mouse antibodies (Invitrogen).

Cell culture

For CD3+ cell isolation, whole blood (40 ml) was collected in EDTA-containing tubes (BD 

Bioscience) at the time of routine outpatient visits. The samples were processed within 4 

hours of collection. Peripheral blood mononuclear cells (PBMCs) were separated from 

whole blood by Ficoll-Hypaque density-gradient centrifugation (Axis Shield). CD3+ 

lymphocytes were isolated from total PBMCs using a CD3+ MACS Beads Isolation Kit 

according to the protocol recommended by the manufacturer (Miltenyi Biotec). Briefly, 

PBMCs (4 × 107) were suspended in phosphate buffered saline (PBS) supplemented with 

1% fetal calf serum (FCS; Sigma) and 2 mM EDTA plus 40 μl of anti-CD3+ Miltenyi 

magnetic beads for 20 minutes on ice. The total mixture was passed through a magnetic 

isolation column. Purified CD3+ monocytes were removed from the column and tested for 

purity by flow cytometry, which demonstrated >95% purity. Cells were then cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FCS, penicillin (100 units/

ml), streptomycin (100 μg/ml), and L-glutamine (2 mM) in an incubator in 5% CO2 at 37°C. 

CD3+ cells (1 × 106/well) were placed in 24-well culture plates in DMEM supplemented 

with 10% FCS, penicillin (100 units/ml), streptomycin (100 μg/ml), and L-glutamine (2 mM) 

and cultured for 24 hours with CD3/CD28 stimulatory T cell expander beads (Invitrogen) at 

a 1:50 bead:T cell ratio, without the addition of any extra cytokines or growth medium. 

Primary fibroblasts were derived from healthy skin biopsy samples obtained during breast 

reduction surgery. The dermis was placed in a culture flask and the fibroblasts grew from the 

explants within. Primary fibroblasts were cultured in Iscove’s modified Eagle’s medium 

(IMEM) supplemented with 10% FCS, penicillin (100 units/ml), streptomycin (100 μg/ml), 

and L-glutamine (4 mM). All fibroblast cultures were used at passages 1–4.
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TNFR costimulation

For selective stimulation with TNFRI and TNFRII, recombinant CysTNF32W/86T and 

CysTNF143T/145R (36), respectively, were used. Recombinant human TNF (2 × 107 

units/mg) was provided by Knoll. CD3+ cells were incubated with sTNF or the different 

TNF variants at a concentration of 100 ng/ml for 24 hours, either directly after isolation or in 

costimulation studies after incubation with CD3/CD28 beads as described above.

Gene expression studies

Expression of genes for IL-6 and collagen was assessed by quantitative reverse 

transcription–polymerase chain reaction (qRT-PCR). RNA from CD3+ T lymphocytes was 

isolated using an RNA Mini kit according to the instructions of the manufacturer (Qiagen). 

RNA (200–750 ng) was treated with DNase for 30 minutes at 37°C, then reverse transcribed 

to complementary DNA using random hexamers (Invitrogen) and Moloney murine leukemia 

virus reverse transcriptase enzyme (Invitrogen). TaqReady Master Mix (Sigma) was used to 

analyze expression of IL-6. Samples were analyzed in triplicate and normalized to the 

housekeeping gene 18S using AB7500 software (Applied Biosystems). The primers used for 

IL-6 were as follows: forward 5′-TACCCCCAGGAGAAGATT-3′, reverse 5′-

AAGGTTCAGGTTGTTTTC-3′ (universal probe library; Roche Applied Science). 

Collagen gene–specific primers were 5'-CAAGAGGAAGGCCAAGTCGAGG-3′ (forward) 

and 5′-CGTTGTCGCAGACGCAGAT-3′ (reverse).

Enzyme-linked immunosorbent assay (ELISA)

For ELISA, recombinant IL-13 and soluble IL-6 receptor (sIL-6R) were purchased from 

R&D Systems. An in-house–generated ELISA was used to measure IL-6 concentrations and 

was performed as described previously (37). Samples were analyzed in triplicate. The IL-10 

ELISA was performed according to the instructions of the manufacturer (MSD).

Conditioned media and cytokine neutralization experiments

Isolated primary fibroblasts were cultured in 24-well plates in IMEM supplemented with 

10% FCS, penicillin (100 units/ml), streptomycin (100 μg/ml), and L-glutamine (2 mM) until 

confluent. After being washed twice with PBS, fibroblasts were incubated overnight with 

200 μl conditioned medium from T cells that were left untreated or treated for 24 hours with 

sTNF or TNFR-selective ligands at a concentration of 100 ng/ml. Supernatants were then 

removed, fibroblasts were washed with prewarmed PBS, and RNA was isolated.

For cytokine neutralization, conditioned media were preincubated with rat anti-human IL-6, 

rat anti-human IL-13 neutralizing IgG (each at 1 μg/ml; BD Biosciences), both antibodies 

combined, or matched isotype control IgG. As a further control, the isotype concentration 

was increased to 2 μg/ml for 30 minutes before incubation with healthy dermal fibroblasts. 

The next day, qRT-PCR analysis for collagen was performed as described above. For STAT-3 

experiments, fibroblasts were serum starved overnight and subsequently incubated in serum-

free DMEM in the presence of IL-6 (20 ng/ml), sIL-6R (25 ng/ml), or IL-13 (100 ng/ml) (all 

from R&D Systems), with or without preincubation with the selective STAT-3 inhibitor 

S31-201 (Selleck) at 50 μM.
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Statistical analysis

Results are shown as the mean ± SEM. Data were evaluated by Student’s t-test or analysis of 

variance. For nonparametric analysis, the Mann-Whitney U test and the Kruskal-Wallis test 

were performed. P values less than or equal to 0.05 were considered significant.

Results

TNFR expression on dermal leukocyte subsets

Expression of TNFRI and TNFRII in the dermis was analyzed by flow cytometry on 

CD45+HLA–DR–SSClowCD3+lymphocytes, CD45+HLA–DR+AF+ macrophages, 

CD45+HLA–DR+AF–CD14+ monocytes, and CD45+HLA–DR+AF–CD1a+ dendritic cells 

(SSC represents side scatter, AF represents auto-fluorescence) (Figure 1A). While dermal 

CD1a+ dendritic cells and CD14+ monocytes weakly expressed TNFRI, no obvious 

expression of TNFRII was observed in these cells. In contrast, T lymphocytes from patients 

with severe dcSSc exhibited high levels of TNFRI and TNFRII expression (Figure 1B). 

TNFRI and TNFRII expression on dermal lymphocytes was detected on both the CD4 and 

the CD8 subsets (data not shown), with significantly higher levels of TNFRII expressed on 

the cell surface in both subsets, compared to TNFRI (P < 0.05). Compared to lymphocytes 

from the peripheral blood, there was a trend toward greater expression of both TNFRI and 

TNFRII on lymphocytes from the dermis (Figure 1C), suggesting further activation of these 

cells in the tissue. TNFRII levels correlated significantly (P = 0.04), and TNFRI expression 

showed a trend toward correlation (P = 0.06), with skin thickening as determined with the 

modified Rodnan skin thickness score (38) (Figure 1D). Interestingly, in the patient with 

prescleroderma with severe Raynaud’s phenomenon of recent onset, positive anticentromere 

antibodies, and abnormal nailfold capillaroscopy findings but no skin thickening, we found 

the highest expression of both TNFRI and TNFRII.

Effect of selective TNFR costimulation on IL-6, sIL-6R, and IL-13 expression in CD3/CD28-
activated peripheral blood lymphocytes

CD3+ lymphocytes were isolated from the peripheral blood of SSc patients and healthy 

controls. Cells were left untreated or were stimulated with CD3/CD28 beads prior to 

coactivation with TNF variants selectively stimulating TNFRI and TNFRII, respectively, or 

with sTNF, which primarily stimulates TNFRI. Soluble IL-6R was measured, as fibroblasts 

do not express the membrane-bound form of IL-6R and need sIL-6R to signal. Levels of 

IL-6, sIL-6R, and IL-13 protein secretion are shown in Figure 2. CD3/CD28-activated T 

cells from SSc patients produced significantly higher levels of all 3 cytokines at baseline. 

Further secretion of IL-6 was induced by TNFR stimulation both in SSc patients and in 

healthy individuals (Figure 2A). Conversely, only marginal sIL-6R and IL-13 expression 

was induced by TNF in healthy donors (Figures 2B and C). Costimulation with soluble TNF 

had the strongest effect on IL-6 and IL-13 secretion, whereas sIL6R release mainly occurred 

after selective TNFRII ligation. There was a significant difference in sIL-6R levels (P < 

0.05), but not in IL-6 and IL-13 levels, between TNFRI- and TNFRII-stimulated T cells 

from SSc patients. In lymphocytes from healthy donors without bead activation and 

subsequent TNFRI, TNFRII, and sTNF stimulation, sIL-6R could not be detected, indicating 

that in vitro activation with CD3/CD28 beads is necessary for the shedding of sIL-6R.
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Impaired IL-10 expression in TNF-coactivated SSc lymphocytes

In CD3/CD28-activated CD3+ lymphocytes isolated from healthy individuals, the mean 

IL-10 level was 648 pg/ml (Figure 3A). In contrast, IL-10 production was nearly completely 

abrogated in lymphocytes from SSc patients (15 pg/ml). These results were consistent with 

data obtained from quantitative PCR analyses (Figure 3B). We found overall levels of IL-10 

messenger RNA (mRNA) to be low in nonactivated T cells, independent of their stimulation 

with various TNF ligands. In contrast, healthy T cells activated with CD3/CD28 showed a 

20-fold increase in IL-10 mRNA after stimulation with, in particular, TNFRII-selective 

ligands. Stimulation with sTNF or TNFRI-selective ligands resulted in no obvious up-

regulation of IL-10 mRNA. Importantly, in T cells from SSc patients, IL-10 mRNA was not 

induced upon TNFRII-selective stimulation, although high cell surface levels of TNFRII 

were observed (data not shown), suggesting the presence of a TNFRII-dependent impaired 

antiinflammatory response in SSc.

Stimulation of type I collagen expression in fibroblasts by TNF-treated T lymphocytes

To test the profibrotic capacity of TNF-costimulated T cells, dermal fibroblasts from healthy 

controls were incubated with conditioned medium from the peripheral blood CD3+ T cells 

of SSc patients and healthy controls. CD3+ cells were incubated in the presence or absence 

of the 2 TNF variants and sTNF, with or without prior CD3/CD28 treatment. Type I collagen 

expression was analyzed by quantitative PCR (Figure 4A).

In fibroblasts treated with conditioned medium from non–bead-activated control T 

lymphocytes, the mean ± SEM fold change in collagen expression was 1.7 ± 0.1, and this 

did not change significantly upon stimulation with TNFRI (1.8 ± 0.2–fold), TNFRII (1.7 

± 0.1–fold), or sTNF (1.9 ± 0.1–fold). In contrast, conditioned medium from non–bead-

activated SSc T lymphocytes induced higher levels of type I collagen mRNA in human 

fibroblasts independent of exogenously added TNF ligands. After CD3/CD28 activation of 

healthy T lymphocytes, levels of collagen expression induced in fibroblasts were similar to 

those in non–bead-activated T cell supernatants (2.3 ± 0.9–fold), again without a significant 

effect of TNF costimulation. In contrast, after CD3/CD28 activation, supernatants from SSc 

lymphocytes induced a 21-fold increase in type I collagen expression. While TNFRI 

costimulation had no further effect on collagen expression (19.8 ± 2.2–fold increase; P ≥ 

0.05), TNFRII and sTNF induced significantly greater type I collagen expression in 

fibroblasts (27.8 ± 3.8–fold and 26.3 ± 3.91–fold, respectively; P ≤ 0.001 for both).

Dual inhibition of IL-6 and IL-13 reduces collagen expression induced by SSc lymphocyte 
conditioned medium

For neutralization experiments, we cultured healthy dermal fibroblasts with conditioned 

medium derived from SSc lymphocytes. SSc T lymphocytes were first activated with CD3/

CD28 beads in the presence or absence of TNFRI and TNFRII agonists or sTNF. 

Neutralizing antibodies against IL-6 or IL-13, either alone or in combination, were added to 

the conditioned medium, and qRT-PCR analysis for collagen expression in fibroblasts was 

performed (Figure 4B).
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Culture with SSc T lymphocyte medium alone led to a mean ± SEM 18.3 ± 3.2–fold 

increase in type I collagen mRNA expression. Neutralization of IL-6 resulted in a reduction 

in the increased collagen expression to 13.3 ± 2.3–fold (P not significant). Inhibition of 

IL-13 reduced collagen expression to a similar level (13.1 ± 4.5–fold change; P not 

significant). Combined inhibition of both IL-6 and IL-13, however, reduced the change in 

type I collagen expression to 8.3 ± 4.1–fold, which was a significant reduction compared to 

the expression level without cytokine inhibition (P ≤ 0.05) (n = 8). In contrast, treatment 

with matched isotype control antibody resulted in a 17.8 ± 2.4–fold change in type I 

collagen expression, which was not significant compared to that observed in T cells 

stimulated without neutralizing antibodies, thereby confirming the specificity of the 

neutralizing antibodies. We also performed similar experiments on resting SSc lymphocytes. 

Although the overall magnitude of induction was much smaller in the non–bead-activated 

SSc T lymphocytes, again there was clearly detectable induction of collagen expression, 

which was reduced slightly by the addition of neutralizing antibodies. While differences 

between groups were not significant, the patterns were similar to those observed in the 

experiments with activated lymphocytes.

To investigate the effects of IL-6 and IL-13 on collagen expression in fibroblasts, we 

cultured dermal fibroblasts with or without IL-6, sIL-6R, and IL-13 in various combinations 

(Figure 4C). Treatment with IL-6 and sIL-6R in combination, as well as IL-13 alone, led to 

increased collagen expression compared to control (6-fold increase and 5-fold increase, 

respectively; both P < 0.05), with a clear further effect of IL-6, sIL-6R, and IL-13 in 

combination (11-fold increase; P < 0.05), confirming the data from the IL-6/IL-13 

neutralization experiments. IL-6/sIL-6R trans-signaling was inhibited by coculture with the 

specific STAT-3 inhibitor S31-201 (2.8-fold increase), whereas IL-13 signaling was not. 

Addition of TGFβ to the cocktail of IL-6, sIL-6R, and IL-13 further increased collagen 

production in fibroblasts (data not shown), which might explain the incomplete inhibition 

through IL-6 and IL-13. IL-6 alone did not elevate collagen expression in these dermal 

fibroblasts (1.8-fold change), potentially due to their lack of IL-6R expression (data not 

shown).

TNFR and IL-6 overexpression in the dermis is reversible after autologous HSCT

Using immunohistochemistry, we analyzed T cell infiltration in a patient with severe SSc, 

before and after autologous HSCT. The patient received antithymocyte globulin and high-

dose cyclophosphamide. Six months after HSCT, a substantial reduction in the CD3+ cell 

population in the dermis was observed (Figure 5A). In addition, using flow cytometry, we 

determined the expression of TNFRI and TNFRII on dermal lymphocytes from the patient 

before and after HSCT. We observed nearly complete down-regulation of TNFRI and 

TNFRII after treatment (Figure 5B). IL-6 mRNA levels in the dermis were significantly 

down-regulated after treatment as well (Figure 5C), potentially as a result of reduced TNFR 

signaling.
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Discussion

The present results highlight the importance of activated T lymphocytes in SSc pathology 

and confirm their profibrotic effect in association with TNF. We investigated the effect of 

TNF on preactivated T lymphocytes rather than the direct effect of soluble or membrane-

bound TNF on fibroblasts as has been investigated in earlier studies; the latter has been 

described to reduce collagen expression (29). We hypothesized that in SSc-affected tissue, T 

lymphocytes are stimulated by antigen-presenting cells in a TNF-rich environment. 

Therefore, we applied CD3/CD28 stimulation with subsequent TNF costimulation in order 

to mimic the antigenic environment that resident T cells likely encounter in affected tissue in 

SSc. The use of TNFRI- and TNFRII-selective TNF variants further enabled us to study the 

role of the 2 distinct receptors in this setting.

We used multicolor flow cytometry to study TNFR on different leukocyte subsets in the 

dermis of SSc patients and demonstrated that TNFRII, and in some cases also TNFRI, was 

significantly up-regulated on T cells in the dermis of these patients. To our knowledge, the 

use of multicolor flow cytometry for such experiments has not been reported previously. Of 

note, TNFRII overexpression correlated with skin thickening in our patient cohort. Despite a 

relatively modest correlation, these results are in accordance with previous data showing up-

regulation of TNFRI and TNFRII on dermal leukocytes in patients with severe SSc, as 

assessed by immunohistochemistry (20). Clearly, our results were influenced by the small 

sample size and heterogeneity of the patient cohort, with most of the patients receiving 

immunosuppressive treatment. Potentially, a clearer picture could have been obtained in 

treatment-naive patients with early SSc. Consistent with previous reports (22), we found that 

TNFRII expression was also upregulated in the peripheral blood of SSc patients; this up-

regulation was not as great as that observed in the skin (Figure 1C). We postulate that in 

SSc, TNFRII up-regulation occurs during antigen encounter in the tissue. Up-regulation of 

TNFRII on the cell surface of CD4+ T cells after T cell receptor triggering via CD3/CD28 

bead activation was also observed in our experiments (data not shown) and has been well 

described previously (39).

One potential explanation for the heterogeneous effects of TNF is the fact that TNF is 

mediated via 2 distinct receptors, TNFRI and TNFRII. By using TNF variants, we were able 

to stimulate TNFRI and TNFRII selectively and quantify the production of the key 

profibrotic cytokines IL-6, sIL-6R, and IL-13. One of our key findings was that, upon CD3/

CD28 activation, lymphocytes isolated from the peripheral blood of SSc patients showed 

increased secretion of profibrotic cytokines when compared to lymphocytes from healthy 

controls. Strikingly, IL-6 and sIL-6R expression, which was barely detectable in healthy T 

lymphocytes, reached levels of >500 pg/ml in lymphocytes from SSc patients. These results 

are in accordance with those of earlier studies showing that healthy T cells do not express 

IL-6 upon CD3/CD28 activation alone (40). In our experiments, IL-6 secretion was mediated 

by TNFRI-selective and sTNF costimulation, but not by TNFRII-selective stimulation. In 

contrast, sIL-6R levels were higher upon TNFRII stimulation. This suggests that membrane-

bound TNF, which efficiently activates both TNFRI and TNFRII, exerts a strong effect on 

IL-6 expression as well as sIL-6R expression, and therefore might induce IL-6 trans-

signaling.
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Reports of linked IL-6 and TNFRII polymorphisms in patients with lung fibrosis support the 

notion that the IL-6–sIL-6R interplay induced by membrane-bound TNF triggers fibrosis 

(41). Soluble TNF, which signals primarily through TNFRI, is a potent inducer of IL-6. The 

difference in production of the profibrotic cytokine IL-13 was less distinct between T 

lymphocytes from healthy controls and those from SSc patients after CD3/CD28 

stimulation, but increased after TNF stimulation. IL-13 has been previously demonstrated to 

be elevated in peripheral T lymphocytes from SSc patients, in a GATA-3–dependent manner 

(42).

IL-13 and/or IL-6 are not exclusively stimulated by TNFR but are also triggered by other 

TNFR super-family members, such as OX40 and 4-1BB. OX40-mediated T cell 

costimulation is also involved in IL-6 production and in the pathogenesis of experimental 

autoimmune encephalomyelitis (43) and triggers IL-13 expression in activated umbilical 

cord cells (44). Polymorphisms in the OX40L region are associated with susceptibility to 

SSc (45). IL-13 expression is also increased by 4-1BB activation (46). We are not aware of 

studies on TNFR superfamily members that trigger sIL-6R expression.

Conditioned medium from the CD3/CD28-activated CD3+ cells of SSc patients alone 

induced a 21-fold increase in the expression of type I collagen compared to that in untreated 

fibroblasts. Experiments with neutralizing antibodies revealed IL-6 and IL-13 as key 

cytokines mediating this effect, whereas sIL-6R is necessary for the profibrotic effect of 

IL-6. Our results further show that in contrast to IL-13, IL-6/sIL-6R trans-signaling is 

STAT-3 dependent. In animal studies, the level of IL-6–mediated STAT-3 correlates with the 

severity of lung fibrosis (47), and STAT-3 is currently being discussed as a potential new 

therapeutic target for lung fibrosis (48). The fact that dual inhibition of IL-6 and IL-13 does 

not completely suppress collagen expression is likely due to the presence of TGFβ carried 

over from the serum-containing media, as TGFβ production by SSc lymphocytes was low 

after CD3/CD28 stimulation (data available from the corresponding author upon request) 

and the profibrotic role of TGFβ in SSc is well known (49). Addition of TGFβ to IL-6, 

sIL-6R, and IL-13 further enhances type I collagen expression in fibroblasts. We therefore 

postulate that the incomplete collagen expression after IL-6 and IL-13 inhibition in our 

system is due to TGFβ and other growth factors, which are either produced by lymphocytes 

or are transferred from T cell supernatants that contained 10% FCS. A schematic diagram of 

the proposed effects of TNFR costimulation on cytokine production and fibroblast 

production in SSc is shown in Figure 6.

Surprisingly, we found that, in contrast to IL-6 and IL-13, IL-10 was expressed at very low 

levels in SSc lymphocytes upon CD3/CD28 activation. In accordance with this, IL-10 

mRNA levels were significantly upregulated by TNFRII costimulation in healthy T cells but 

not SSc T cells. As IL-10 is a key antiinflammatory cytokine, we interpret this finding as 

representing a potential inability of SSc lymphocytes to resolve inflammation.

Finally, TNFRI and TNFRII overexpression on dermal lymphocytes was analyzed in a 

patient with severe SSc, before and after she underwent HSCT. We found that high-dose 

cyclophosphamide and antithymocyte globulin substantially reduced T cell infiltration in the 

skin. In the remaining T cells, expression of both TNFRI and TNFRII was reversed, and 
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IL-6 expression was subsequently reduced. In accordance with our in vitro data, this clinical 

observation with regard to lymphoablative treatment confirms the potential reversibility of 

chronic inflammation leading to TNFR over-expression and fibrosis in SSc.

Taken together, the present results show that T lymphocytes in SSc tissue overexpress 

TNFRII and that preactivated peripheral blood–derived lymphocytes from SSc patients are 

profibrotic. Costimulation of T cells via the 2 TNF receptors, in particular TNFRII, further 

triggers collagen production. However, production of IL-10 is down-regulated, which may 

impair the resolution of inflammation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
High levels of tumor necrosis factor receptor I (TNFRI) and TNFRII on lymphocytes from 

patients with diffuse cutaneous systemic sclerosis (dcSSc). A, Dermal skin biopsy 

specimens from 12 SSc patients (red lines) were digested and processed for flow cytometry 

to identify CDA1a+ dendritic cells, CD14+ monocytes, macrophages, and CD3 lymphocyte 

populations, with fluorescein isothiocyanate–labeled anti-TNFRI and phycoerythrin-labeled 

anti-TNFRII added to the antibody panel. Experiments were also performed using normal 

skin specimens (green lines) and staining with isotype control (blue lines). B, Expression of 

TNFRI and TNFRII on lymphocytes from patients with limited cutaneous SSc and from 

patients with dcSSc was compared. Lymphocytes from patients with severe dcSSc exhibited 

higher levels of both TNFRI and TNFRII. C, Levels of TNFRI and TNFRII were measured 

in dermal and peripheral blood (PB) lymphocytes from patients with SSc. Lymphocytes 

from both the dermis and the peripheral blood of SSc patients exhibited significantly higher 

expression of TNFII than of TNFI (* = P < 0.05). In addition, there was a trend toward 

higher expression of the TNFRs on lymphocytes from the dermis as compared to 

lymphocytes from the peripheral blood. Symbols represent individual patients; horizontal 

bars show the mean. D, Skin thickening was determined using the modified Rodnan skin 

thickness score (MRSS), and the relationship between TNFR expression levels and skin 

thickening was assessed. MFI = mean fluorescence intensity.
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Figure 2. 
Activated lymphocytes from patients with SSc overexpress interleukin-6 (IL-6), soluble IL-6 

receptor (sIL-6R), and IL-13. CD3+ lymphocytes isolated from peripheral blood of SSc 

patients and healthy controls (n = 8 per group) were activated with CD3/CD28 beads and 

costimulated with receptor-selective TNF variants and sTNF. Levels of IL-6 (A), sIL-6R (B), 

and IL-13 (C) in supernatants were determined by enzyme-linked immunosorbent assay. 

Untreated activated T cells from SSc patients expressed significantly higher levels of IL-6, 

sIL-6R, and IL-13 compared to healthy lymphocytes. IL-6 expression was further induced 

by sTNF and TNF variant stimulation in lymphocytes both from SSc patients and from 

healthy controls, whereas only marginal sIL-6R and IL-13 expression was induced by sTNF 

or TNF variants in controls. Costimulation with sTNF had the strongest effect on IL-6 and 

IL-13 expression in SSc lymphocytes, whereas sIL-6R expression was mostly enhanced by 

selective TNFRII stimulation. Values are the mean ± SEM. * = P < 0.05. See Figure 1 for 

other definitions.
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Figure 3. 
Impaired interleukin-10 (IL-10) expression in TNF-costimulated SSc lymphocytes. A, 
Baseline secretion of IL-10 in CD3/CD28-activated lymphocytes from SSc patients and 

healthy controls (n = 8 per group). IL-10 levels were significantly decreased in lymphocytes 

from SSc patients. B, Effects of costimulation with TNFRs or soluble TNF (sTNF) on IL-10 

expression. TNFRII-mediated costimulation increased IL-10 expression in lymphocytes 

from controls, but not in lymphocytes from SSc patients. Values are the mean ± SEM. * = P 
< 0.05. See Figure 1 for other definitions.
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Figure 4. 
Type I collagen expression in fibroblasts stimulated with T lymphocyte conditioned 

medium. A, Healthy fibroblasts were incubated with conditioned medium originating from 

peripheral blood CD3+ T cells from systemic sclerosis (SSc) patients and healthy controls (n 

= 8 per group). T cells were cultured with or without CD3/CD28 beads and subsequently 

incubated in the presence or absence of tumor necrosis factor (TNF)–selective variants and 

soluble TNF (sTNF), each at a concentration of 100 ng/ml. Type I collagen expression was 

determined by quantitative reverse transcription–polymerase chain reaction (qRT-PCR). 

Induction of type I collagen by supernatants (SN) from activated SSc lymphocytes was 

significantly greater than that observed with supernatants from activated control 

lymphocytes. Values are the mean ± SEM. * = P < 0.05. B, SSc T cells were activated with 

CD3/CD28 beads and treated with TNF receptor type II (TNFRII)–selective ligands or with 

medium alone, and supernatants were collected. Healthy dermal fibroblasts were then 

cultured in the presence of the conditioned medium. Neutralizing antibodies against 

interleukin-6 (IL-6), IL-13, or the combination of IL-6 and IL-13 were added to the 

conditioned medium prior to incubation with dermal fibroblasts. A significant reduction in 

collagen production after dual inhibition of IL-6 and IL-13 was observed. Symbols represent 

individual patients; horizontal bars show the mean. C, Healthy dermal fibroblasts were 

cultured overnight in serum-free medium and then stimulated with IL-6 (20 ng/ml), soluble 

IL-6 receptor (sIL-6R) (25 ng/ml), and IL-13 (100 ng/ml) in various combinations, with 

(solid bars) or without (open bars) incubation with the STAT-3 inhibitor S31-201 (50 μM). 

After 24 hours of stimulation, cells were harvested and type I collagen expression was 

analyzed by qRT-PCR, with normalization to 18S and control serum-free medium as the 

calibrator. Selective inhibition of STAT-3 attenuated IL-6 trans-signaling but did not 

significantly reduce IL-13–stimulated induction of type I collagen. Values are the mean ± 

SEM.
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Figure 5. 
TNFR and IL-6 overexpression in the dermis is reversible after lymphoablation followed by 

autologous hematopoietic stem cell transplantation (HSCT). A, Hematoxylin and eosin 

(H&E) and CD3 immunohistochemistry staining of the dermis of a patient with severe SSc, 

before and after treatment with antithymocyte globulin and high-dose cyclophosphamide 

followed by autologous HSCT. A substantial reduction in the CD3+ cell population was seen 

after HSCT. B, Dermal TNFRI and TNFRII expression, assessed by flow cytometry. In 

accordance with the histologic results, these analyses showed complete down-regulation of 

TNFRI and TNFRII after transplantation. C, Mean levels of IL-6 expression in the dermis, 

assessed by qRT-PCR. IL-6 was significantly down-regulated after treatment. See Figure 4 

for other definitions.
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Figure 6. 
Schematic representation of the effects of TNFR costimulation on cytokine production and 

subsequent fibroblast stimulation in SSc. A T cell is activated by the docking antigen-

presenting cell via T cell receptor (TCR), which triggers TNFRII up-regulation. Soluble 

TNF stimulates primarily TNFRI, whereas membrane-bound TNF activates TNFRI and 

TNFRII. In SSc lymphocytes, TNFRI triggers IL-6 and IL-13. Soluble IL-6R and 

transforming growth factor β (TGFβ) are triggered by TNFRII (thus, by membrane-bound 

TNF). Secreted IL-6, sIL-6R, IL-13, and TGFβ stimulate fibroblasts to produce collagen. 

Antiinflammatory IL-10, which is normally expressed upon TCR activation and TNFRII 

costimulation, is impaired in SSc lymphocytes. See Figure 4 for other definitions.

Hügle et al. Page 19

Arthritis Rheum. Author manuscript; available in PMC 2019 June 21.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts


	Abstract
	Patients and Methods
	Patient recruitment
	Flow cytometry and immunohistochemistry analysis of skin biopsy samples
	Cell culture
	TNFR costimulation
	Gene expression studies
	Enzyme-linked immunosorbent assay (ELISA)
	Conditioned media and cytokine neutralization experiments
	Statistical analysis

	Results
	TNFR expression on dermal leukocyte subsets
	Effect of selective TNFR costimulation on IL-6, sIL-6R, and IL-13 expression in CD3/CD28-activated peripheral blood lymphocytes
	Impaired IL-10 expression in TNF-coactivated SSc lymphocytes
	Stimulation of type I collagen expression in fibroblasts by TNF-treated T lymphocytes
	Dual inhibition of IL-6 and IL-13 reduces collagen expression induced by SSc lymphocyte conditioned medium
	TNFR and IL-6 overexpression in the dermis is reversible after autologous HSCT

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

