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ABSTRACT 
 
Objective. Previous reports have shown that the suppressive capacity of CD4+CD25++ T 
cells is compromised and reversed by anti-TNF therapy in patients with rheumatoid 
arthritis (RA). Given the lack of specific cell surface markers for human T regulatory 
(Treg) cells, this study aimed to define surface makers for identifying and enriching Treg 
cells with enhanced regulatory ability within the CD4+CD25++ T cell compartment and to 
provide additional understanding of the effects of anti-TNF antibodies in humans. 
Methods. The expression of membrane-bound TNF (mTNF) in human peripheral blood 
CD4+ T cells was analyzed by flow cytometry in healthy individuals and RA patients 
before/after anti-TNF treatment. mTNF positive and negative CD4+CD25++ T cells 
were purified by FACS-sorting and their suppressive capacity were assessed in vitro by a 
standard suppression assay. 
Results. A substantial number of CD4+CD25++ T cells expressed mTNF. 
mTNF+CD4+CD25++ T cells displayed reduced anti-inflammatory cytokine production 
and less potent suppressor capacity, since 4 times more cells were required to achieve 50% 
inhibition compared with their mTNF- counterparts. Treatment of RA patients with 
TNF-specific antibodies led to a reduction in the number of mTNF+CD4+CD25++ T 
cells from peripheral blood. 
Conclusion. Our data indicate that the absence of mTNF on CD4+CD25++ T cells can be 
used to characterize and enrich for Treg cells with maximal suppressor potency. 
Enrichment of mTNF-CD4+CD25+ cells in the CD4+CD25++ T cell compartment may 
contribute to restoring the compromised suppressive ability of CD4+CD25++ T cell 
populations in RA patients after anti-TNF treatment. 
 
 
 

--- Arthritis Rheum. 2008; 58(6): 1609-1618 --- 
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INTRODUCTION 
 
CD4+CD25+ Treg cells are generated in the thymus and periphery and represent a crucial 
regulator of peripheral self-tolerance (1, 2). They are hyporesponsive to TCR stimulation 
in vitro (3, 4), however, once activated, they can suppress the proliferation and cytokine 
production of effector T cells, antibody production of B cells, and the function of 
monocytes/macrophages (3-6). Hence, CD4+CD25+ Treg cells have been successfully used 
to prevent/treat immunologic diseases in a variety of animal models, such as collagen-
induced arthritis (CIA) (7-9). 

Rheumatoid arthritis (RA) is a common autoimmune disease characterized by 
chronic synovial inflammation resulting in cartilage and bone damage, eventually leading 
to joint destruction. Several different cell types and their mediators are thought to be 
involved in this tissue-destructive inflammation, including T cells, B cells and pro-
inflammatory cytokines such as TNF. The chronic inflammatory process suggests that 
immune regulation in RA patients is disturbed. Indeed, numerous reports have outlined 
disturbances in CD4+CD25+ T cell functions in patients with RA as well as other 
autoimmune diseases (10-15), suggesting an imbalance between Treg and effector T cell 
activities. However, functional CD4+CD25+ Treg cells have also been reported in RA 
patients (16, 17), which could be a consequence of the complex phenotype of these cells in 
humans and the lack of specific cell surface markers to define and isolate Treg cells.  

Although CD25 appears to identify a relatively homogeneous population of Treg 
cells in naive mice, the presence of significant amounts of activated conventional CD25+ T 
cells in humans makes it difficult to distinguish “genuine” Treg cells from activated 
conventional T cells in the CD4+CD25+ T cell compartment. Indeed, several studies have 
suggested that only the CD4+ T cell subset expressing the highest levels of CD25 (termed 
CD25high or CD25++) is mostly Foxp3+ and has in vitro suppressive activity (18). 
Nonetheless, activated “conventional” T cells may still be present in the CD4+CD25++ T 
cell subset, because Foxp3, the most commonly used marker for Treg cells (19), is also 
transiently expressed in activated nonsuppressive T cells (20-22). For this reason, the 
CD4+CD25++ T cell population that homogenously expresses Foxp3 might not consist 
entirely of Treg cells but could also contain conventional activated CD4+CD25++ T cells, 
especially in situations in which chronic T cell activation is thought to occur. The possible 
“contamination” of Treg cells with “conventional” CD4+CD25++ T cells might also 
contribute to the compromised suppressive activity of CD4+CD25++ T cell populations in 
autoimmune diseases such as RA (10-15), in which chronic T cell activation has been 
implicated. Likewise, other surface markers, such as CTLA-4 and GITR, which have been 
reported to be expressed on Treg cells (23, 24), do not distinguish Treg cells from activated 
effector cells in humans. Therefore, they can not be used as such to identify Treg cells, 
especially not in conditions with chronic T cell activation. Hence, further characterization 
and therapeutic use of Treg cells would be greatly facilitated by the identification of 
surface markers that could be used to define and isolate Treg cells with high suppressive 
activity. 

TNF is a pleiotropic cytokine that is bioactive both as a transmembrane protein as 
well as a homotrimeric secreted molecule (25). Membrane-bound TNF(mTNF) is 
expressed on normal human peripheral blood T cells after activation (26). As part of a 
range of proteins that are expressed on the cell surface after T cell activation, mTNF on 
CD4+ T cells can modulate the activation of macrophages and costimulate B cells, thereby 
enhancing their antibody production (27-29). Because it is conceivable that these latter 
features are mediated by conventional effector T cells rather than by Treg cells, and given 
that T cells also upregulate CD25 upon activation, we reasoned that mTNF-expressing 
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CD4+CD25++ T cells are enriched for activated conventional T cells rather than for 
naturally occurring Treg cells. In that case, mTNFpositive CD4+CD25++ T cells would 
differ in phenotype and/or functional activity when compared with their mTNF- 
counterparts.  

In the present study, we show that the expression of mTNF on CD4+CD25++ T 
cells is correlated with disease activity in RA patients. Although mTNF positive and 
negative CD4+CD25++ T cells express comparable levels of Foxp3 and are both 
hyporesponsive to TCR stimulation, mTNF-CD4+CD25++ T cells produce more anti-
inflammatory cytokine IL-10 and suppress the proliferation and cytokine production of 
responder T cells in a more profound manner compared with their mTNFcounterparts. 
Furthermore, treatment with anti-TNF antibodies results in a reduced frequency of 
mTNF+ T cells in the CD4+CD25++ T cell compartment in RA patients, suggesting that 
selective depletion of the less suppressive mTNF+CD4+CD25++ T cells by anti-TNF 
antibodies contributes to the restoration of Treg activity in RA patients that has been 
reported previously (10-12, 30).  
 
 
 
MATERIALS AND METHODS 
 
Samples. Fresh peripheral blood was obtained from healthy adult donors with no history of 
autoimmune diseases. Fresh peripheral blood from RA patients was obtained from patients 
visiting the outpatient clinic of the Leiden University Medical Center. All RA patients 
fulfilled the 1987 revised classification criteria of the American College of Rheumatology 
(31). The characteristics of these RA patients are summarized in Table 1. Buffy coats were 
obtained from the Sanquin Bloodbank. Informed consent was provided in accordance with 
procedures approved by the local human ethics committee. 
 

Table 1. Characteristics of and disease parameters for the RA patients* 
 

Characteristics Total 
Age, years 55.2 ± 14.5 
RA duration, years 5.55 ± 2.79 
Disease activity score 44 (DAS44)† 1.60 ± 0.88 
ESR, mm/hour† 17.6 ± 15.6 
No. of women/no. of men 22/18 
No. RF positive/no. RF negative‡ 22/5 
No. anti-CCP positive/no. anti-CCP negative‡ 18/9 

 

* Except where indicated otherwise, values are the mean ± SEM. 
† Data on the Disease Activity Score (DAS) and erythrocyte sedimentation rate (ESR) were available for 23 
patients when the mTNF expression was analyzed. 
‡ Data on the rheumatoid factor (RF) and anti-cyclic citrullinated peptide (anti-CCP) status were available 
for 27 patients when the mTNF expression was analyzed. 
 
Antibodies. FITC-conjugated anti-CD25 (2A3), PE-conjugated anti-CD25 (M-A251), anti-
CD127 (hIL-7R-M21), anti-CD45RO (UCHL1), APC-conjugated anti-CD4 (SK3), anti-
CD25 (M-A251) and Percp-Cy5.5-conjugated anti-CD4 (SK3) were all from BD 
Biosciences. PE/FITC-coupled anti-Foxp3 (PCH101; eBiosciences) was used as indicated. 
Anti-TNF mAb (infliximab) was labeled with FITC (Calbiochem) and used to detect the 
expression of mTNF on cells.  
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Cell isolation. PBMCs were isolated from peripheral blood or buffy coats by centrifugation 
over Ficoll-Hypaque gradients. CD4+ T cells were enriched from PBMC by negative 
selection with the CD4+ T cell isolation kit (Miltenyi Biotec). CD4+ T cells were then 
stained with anti-CD4APC, anti-CD25PE and anti-TNFFITC for 30 minutes at 4 C. After 
washing, CD4+CD25- responder T cells, mTNF+ and mTNF- cells within the 
CD4+CD25++ T cell population were isolated by sorting with a Flow Sorter Aria machine 
(BD Biosciences). The sorted cells were gated first on small lymphocytes by forward and 
side scatter, then on CD4 and CD25++ (top 2-5% of CD4+ T cells) expression, and then on 
mTNF expression. CD4-depleted PBMC, irradiated with 4500 rads were used as feeders. 
 
Flow cytometric analysis. Single-cell suspensions were prepared, and surface molecules 
were stained for 30 minutes at 4 C with optimal dilutions of each antibody. After fixation 
and permeabilization, cells were incubated with anti-Foxp3 antibody. Expression of cell-
surface and intracellular markers was assessed using flow cytometry (FACSCalibur; 
Becton Dickinson, California) after gating on live cells determined by scatter 
characteristics. Data were analyzed by CellQuest Pro software (Becton Dickinson). 
 
Proliferation and suppression of T cells. Cells were plated at 1 x 104 cells/well in 96-well 
plates with 1 g/ml phytohemagglutinin (PHA) and feeders (5 x 104 cells/well) in the 
presence or absence of 50 U/ml IL-2. Cells were pulsed with 3H-thymidine (0.5 Ci/well) 
on day 4, and proliferation was assessed 18 hours later using a liquid scintillation counter. 
To test for suppressive capacity, CD4+CD25- responder T cells were stimulated as 
described above without the addition of exogenous IL-2. Autologous 
mTNF+CD4+CD25++ or mTNF-CD4+CD25++ T cells were added, and suppression was 
assessed by determining 3H-thymidine incorporation as well as by measuring the amounts 
of TNF and IFNin culture supernatants.  
 
Cytokine detection. To determine the concentration of cytokines, BD CBA Flex Sets (for 
IL-10 and TNF) (BD Biosciences) or a capture ELISA (for IFN)was used to analyze 
culture supernatants after 96 hours, following the protocol provided by the manufacturer. 
The beads were analyzed on a LSRII machine using the BD FCAP Array software (BD 
Biosciences). 
 
Statistical analysis. The Mann-Whitney U test was used to compare Treg-mediated 
suppression results and cellular frequencies in healthy controls and RA patients. Paired t-
tests were used to compare measurements of RA patients before and after anti-TNF 
treatment. Spearman’s correlations were used to compare cellular frequencies with subject 
age. All statistical analyses were performed using GraphPad Prism 4.00 software 
(GraphPad, San Diego, CA). P values less than 0.05 were considered significant. 
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RESULTS 
 
Preferential expression of mTNF on CD4+CD25++ T cells in vivo 
Recent findings have indicated that the suppressive function of CD4+CD25++ T cells is 
compromised in patients with active RA (10, 11). However, the suppressive capability of 
the CD4+CD25++ T cell population is reversed after anti-TNF therapy (10-12, 30). Given 
the prominent role of TNF in inflammation and in inflammatory autoimmune diseases 
such as RA (32-34), and given the effector functions of mTNF on activated CD4+ T cells 
(i.e., macrophage activation and increment of antibody production) (27-29), it is 
conceivable that the mTNF-expressing CD4+CD25++ T cell population is enriched for 
“conventional” activated T cells.  

We therefore hypothesized that this T cell population possesses inferior suppressive 
abilities compared with the non-mTNF-expressing CD4+CD25++ T cell population. 
Furthermore, we speculated that mTNF+CD4+CD25++ T cells are preferentially depleted 
following anti-TNF therapy, which in turn could contribute, at least partially, to the 
reappearance of the suppressive function of isolated CD4+CD25++ T cell populations from 
RA patients after anti-TNFtherapy (10-12, 30). Hence, we wished to examine the 
phenotype and function of mTNF-expressing cells in more detail to determine whether 
these characteristics could be used to distinguish T cells with different suppressive potency 
within the CD4+CD25++ T cell compartment. To this end, we first characterized mTNF 
expression on freshly isolated human CD4+ T cells. 

 

 
 

Figure 1. Correlation of mTNF expression with disease activity in patients with RA. PBMCs were 
isolated from RA patients and stained with anti-CD4, anti-CD25, and anti-TNF (infliximab). CD25 and 
mTNF expression was monitored by flow cytometry. All patients analyzed were naive for TNF-
antagonists. (A) Representative histogram graph (right panel) showing mTNFstaining (black line) and 
isotype staining (shaded area) within each cell population. The gates for CD4+CD25- (bottom box), 
CD4+CD25int (middle box) and CD4+CD25++ (top box) T cells are demonstrated in the left panel. The upper-
right numbers indicate the percentage of positive cells within each gate. (B) Bar graph of the percentage of 
mTNF-expressing cellsin different T cell populations. Results are expressed as means ± SEM from 40 
different individuals. *** = P < 0.001. (C) Comparison of CD4+CD25++ (upper) or mTNF-expressing 
CD4+CD25++ T cells (lower) between 26 RA patients (mean ± SEM age 46.7 ± 10.9 years) and 19 age-
matched healthy controls (Cont) (mean ± SEM age 44.3 ± 13.8 years). Horizontal lines indicate median 
values for each group. * = P < 0.05. (D) Frequency of mTNF-expressing cells within CD4+ (upper) and 
CD4+CD25++ (lower) T cell compartments, plotted against the Disease Activity Score (DAS) for 23 patients. 
Linear regressions (solid line) with 95% confidence intervals (dashed line) are shown. 
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PBMCs from RA patients were purified, and mTNF expression was detected by 
flow cytometry. Similar proportions of CD4+CD25- (mean 13.9%, [range 3.43-30.8]) and 
CD4+CD25int (mean 13.3%, [range, 3.68-28.1]) T cells stained positive for mTNF. 
However, within the CD4+CD25++ T cell compartment, a significantly higher percentage of 
mTNF T cells (mean 26.6%, [range, 7.49-49.2]) was observed (Figure 1A & B). Similar 
results were obtained with cells isolated from healthy individuals (n=19, data not shown). 
Furthermore, a consistent increase in the percentage of mTNF+ T cells was observed 
within the Foxp3+CD4+ T cell population compared with their Foxp3-CD4+ counterparts 
(data not shown). These results could not be explained by binding of the antibody to TNF 
captured by surface TNFRs, because most TNFRII+CD4+CD25++ cells are mTNF-, and, 
more important, in line with previous reports (35), similar mTNF expression was 
observed after pre-incubation of the cells with high concentrations of soluble TNF (10 
and 50 ng/ml) (data not shown). Together, these data indicate that human CD4+CD25++ T 
cells express mTNF. 

 
 

 
 

Figure 2. Expression of other markers on mTNF positive and negative CD4+CD25++ T cells. PBMCs 
were stained with anti-CD4, anti-CD25 and anti-TNF, together with anti-CD127, anti-CD45RO or anti-
Foxp3 (intracellular). (A) Gating for histograms was performed on the basis of CD4, CD25 and mTNF 
expression, as indicated in the upper panel. mTNF-CD4+CD25++ (R2) and mTNF+CD4+CD25++ (R3) T 
cell subsets were gated by first restricting to CD4+CD25++ T cells (R1). Percentages of Foxp3+ (bottom left), 
CD127-/low (bottom middle) and CD45RO-/low (bottom right) cells within each gate (R2, black line; R3, gray 
line) are shown. CD4+CD25- T cells (R4) were included as a control (dashed line). (B) Bar graph shows the 
percentages of Foxp3+ (left), CD127-/low (middle) and CD45RO-/low (right) within each gate as shown in (A). 
Results are expressed as means ± SEM from 8 different individuals. *** = P < 0.001. 
 

Correlation of mTNF expression with disease activity in RA patients 
We next wished to study whether the expression of mTNF on CD4+CD25++ T cells 
differs between healthy controls and RA patients. To this end, we compared CD25 and 
mTNF expression in 26 RA patients with that in age-matched healthy controls. Although 
the number of CD4+CD25++ T cells decreased significantly in these RA patients, there was 
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no significant difference in the frequency of mTNF-expressing CD4+CD25++ T cells 
(Figure 1C).  
 The Disease Activity Score (DAS) (36) was available for 23 of the 40 RA patients 
studied at the same time that mTNF expression was analyzed (Table 1). Given the role of 
TNF in the pathogenesis of RA (32-34) and the expression and function of mTNF on 
activated CD4+ T cells (25-29), we wished to address the question of whether there is any 
association between the disease activity and the expression of mTNF. As shown in Figure 
1D, the analysis revealed that the percentages of mTNF+ T cells within the CD4+ (r = 
0.62, P < 0.01) or CD4+CD25++ (r = 0.42, P < 0.05) T cell populations were correlated 
with disease activity in these RA patients. Given that mTNFexpression was also 
associated with erythrocyte sedimentation rate (ESR) in RA patients (data not shown), 
these data indicate that the expression of mTNF is associated with the inflammatory 
immune response in RA patients. No association of its expression with disease duration 
was observed (data not shown). 
 
Expression of other markers on mTNF positive and negative CD4+CD25++ T cells  
Given the association of mTNF-expressing CD4+CD25++ T cells with disease activity 
(Figure 1D) and the possibly compromised suppressive activity of CD4+CD25++ T cells in 
patients with active RA, as previously reported (10, 11), we wished to characterize these 
mTNF-expressing CD4+CD25++ T cells in more detail. Since Foxp3 is the most 
commonly used marker for human CD4+CD25+ Treg cells thus far (19), and because 
surface CD127 expression is inversely associated with the presence of Foxp3 and 
suppressive function of freshly isolated human CD4+ T cells from healthy donors (37), we 
first determined how surface mTNF expression correlates with Foxp3 and CD127 
expression. Therefore, PBMCs were stained for CD4, CD25 and mTNF, together with 
either Foxp3 or CD127.  

As shown in Figure 2, no significant difference in intracellular Foxp3 expression 
was observed between mTNF positive and negative CD4+CD25++ T cells, either in the 
percentage of positive cells or in the expression levels within each cell compartment. 
Likewise, a similar percentage of CD127-/low cells was observed within the mTNF-

CD4+CD25++ and mTNF+CD4+CD25++ T cell subsets. Because the expression of 
CD45RO, the memory marker for human T cells, has been used to discriminate different 
CD4+CD25+ Treg populations (38), we analyzed the expression of this marker on mTNF 
positive and negative CD4+CD25++ T cells as well. Almost all mTNF+CD4+CD25++ T 
cells displayed high expression of CD45RO, whereas a significant proportion of their 
mTNF- counterparts had lower levels of CD45RO expression (Figure 2). Similar results 
were obtained when mTNF positive or negative CD4+CD25+ T cells were analyzed (data 
not shown). Together, these data indicate that mTNF expression on CD4+CD25++ T cells 
correlates with levels of CD45RO expression, despite similar Foxp3 and CD127 
expression. 
 
Association of mTNF with decreased production of anti-inflammatory cytokines in 
CD4+CD25++ T cells 
Human CD4+CD25++ Treg cells are hyporesponsive and produce relatively high levels of 
the anti-inflammatory cytokine IL-10 but low levels of pro-inflammatory cytokines such as 
TNF and FN (39). To analyze whether mTNF expression on CD4+CD25++ T cells 
discriminates cells with differential cytokine production profiles, we purified 
mTNF+CD4+CD25++ and mTNF-CD4+CD25++ T cells from buffy coats by FACS, and 
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we subsequently stimulated them with PHA and autologous feeders in the presence or 
absence of exogenous IL-2.  

With respect to proliferation and the production of pro-inflammatory cytokines 
TNF and IFN, both mTNF positive and negative CD4+CD25++ T cells were 
hyporesponsive compared with autologous CD4+CD25- responder T cells (Figure 3A & B). 
Nonetheless, when mTNF positive and negative CD4+CD25++ cells were compared side 
by side, mTNF+CD4+CD25++ T cells produced more TNF and IFN (Figure 3B) and 
displayed a higher rate of proliferation (Figure 3A). In contrast, both CD4+CD25++ T cell 
populations produced more IL-10 upon stimulation compared with CD4+CD25- T cells 
(Figure 3B). Intriguingly, however, mTNF-CD4+CD25++ T cells produced twice the 
amount of IL-10 in comparison with their mTNF+ counterparts after stimulation in the 
presence of IL-2 (Figure 3B). The mean ± SEM IL-10 level produced by mTNF-

CD4+CD25++ T cells was 121.99 ± 14.27 pg/ml compared with 51.64 ± 7.68 pg/ml 
produced by their mTNF+ counterparts after 4 days stimulation in the presence of IL-2 
(n=4, P < 0.05, data not shown). 

These results indicate a difference in functional capacity between these two 
CD4+CD25++ T cell subsets, which is also illustrated by the ratio of IL-10 to TNF or 
IFN (Figure 3C). Together, these data point to the possibility that mTNF-CD4+CD25++ T 
cells display a greater suppressive potency compared with their mTNF-expressing 
counterparts. 

 

 
 

Figure 3. Association of mTNF with 
decreased production of anti-
inflammatory cytokines in CD4+CD25++ 
T cells. FACS-sorted CD4+CD25- (Resp), 
mTNF-CD4+CD25++ (mTNF-) and 
mTNF+CD4+CD25++ (mTNF+) (1 x 104 
cells/well) were activated with PHA (1 
g/ml) and feeders (5 x 104 cells/well) in 
the absence or presence of 50 U/ml 
exogenous IL-2. The sorting gates for 
mTNF- and mTNF+ T cells are depicted in 
the upper panel of Figure 2. (A) Cell 
proliferation was determined by 3H-
thymidine uptake 5 days later. (B & C) 
Culture supernatants were collected after 
96 h, and the amounts of TNFupper), 
IFN(middle) and IL-10 (lower) produced 
(B) or the ratios of IL-10/TNF (upper) 
and IL-10/IFN (lower) (C) were 
determined. Results are expressed as mean 
 SEM from 3 or 4 cultures and are 
representative of those from 4 independent 
experiments. 
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mTNF on CD4+CD25++ T cells distinguishes a population with enhanced suppressor 
activity 
To address whether differential mTNF expression is indeed associated with differential 
suppressive activity, FACS-sorted mTNF+CD4+CD25++ and mTNF-CD4+CD25++ T 
cells were placed in a standard in vitro suppression assay using CD4+CD25- as responder T 
cells. As shown in Figure 4, mTNF-CD4+CD25++ T cells suppressed proliferation more 
robustly than did mTNF+CD4+CD25++ T cells. Approximately 4-fold fewer mTNF-

CD4+CD25++ cells than mTNF+CD4+CD25++ cells were required to achieve 50% 
suppression (Figure 4B).  

To further confirm the differential suppressive capability between mTNF positive 
and negative CD4+CD25++ cells, we next analyzed the amounts of TNF andFN in the 
coculture supernatants. Consistent with the results described above, the addition of 
mTNF-CD4+CD25++ T cells at a 1:1 ratio resulted in a stronger reduction of TNF 
andFN production than the addition of mTNF+CD4+CD25++ T cells (Figure 4C). This 
difference could not be attributed to the higher cytokine production by 
mTNF+CD4+CD25++ T cells, since they secreted relatively small amounts of TNF and 
IFN under these conditions (Figure 3B). Together, these observations indicate that 
mTNF-CD4+CD25++ T cells possess an enhanced suppressive activity. 

 

 
 

Figure 4. mTNF on CD4+CD25++ T cells distinguishes a population with enhanced suppressor 
activity. FACS-sorted CD4+CD25- responder T cells (Resp, 1 x 104 cells/well) were activated with PHA (1 
g/ml) and feeders (5 x 104 cells/well) in the absence or presence of mTNF-CD4+CD25++ (mTNF-) or 
mTNF+CD4+CD25++ (mTNF+) suppressor T cells (Supp) at a 4:1, 2:1 or 1:1 (Resp/Supp) ratio. In all 
experiments, CD4+CD25- responder T cells were also added at a 1:1 ratio as a control (i.e., 2 x 104 responder 
T cells per well), which always yielded greater proliferation and cytokine production (data not shown). (A) 
Proliferation after 5 days was determined by 3H-thymidine incorporation. (B) The average percent inhibition 
of proliferation is shown. The dashed line indicates 50% inhibition. (C) Culture supernatants were collected 
after 96 h and the amounts of TNFand IFN were analyzed in cultures of responders only (Resp) or 
responders plus suppressors (Resp + ) at a 1:1 ratio. Results are expressed as mean  SEM from 3 or 4 
cultures and represent (A & C) or summarize (B) 4 independent experiments with different individuals. *P < 
0.05. 
 



 

Chapter 3 

 52

Decreased numbers of mTNFT cells in RA patients after anti-TNF treatment 
Previous studies have shown that anti-TNF therapy could reverse the compromised 
function of isolated CD4+CD25++ T cells in RA patients (10-12, 30). Given our 
observations that mTNF+CD4+CD25++ T cells bear a less potent suppressor activity 
(Figure 4) and are associated with disease activity in RA patients (Figure 1D), we wished 
to know whether the expression of mTNF on T cells was decreased in RA patients after 
TNF-blocking therapy (adalimumab, n=7). 

All these patients responded well to anti-TNF treatment, as evidenced by a 
reduction in the mean ± SEM DAS in 28 joints (40), from 7.06 ± 0.56 to 3.89 ± 0.66 three 
months after treatment (P < 0.0001, data not shown). There was no difference in the 
absolute number and the frequency of CD3+, CD4+ T cells and CD4+CD25++ T cells in 
peripheral blood (Figure 5A&B and data not shown) before and 3 months after 
adalimumab treatment. However, a significantly decreased expression of mTNF on 
CD4+CD25++ T cells (Figure 5A&B) as well as on total CD3+ or CD4+ T cells (data not 
shown) was observed in all patients. This could not be explained by the presence of 
adalimumab on mTNF+ T cells in vivo that would influence the detection of mTNF 
expression ex vivo by infliximab, since the same expression levels of mTNFwere 
observed on cells regardless of whether they had been preincubated with adalimumab 
(Figure 5C). 

 
 

 
 

Figure 5. Decreased expression of mTNF in patients with RA after anti-TNF treatment. Seven 
patients with active RA (Disease Activity Score in 28 joints > 5) were evaluated for CD25 and mTNF 
expression both before and 3 months after anti-TNF therapy (40 mg adalimumab subcutaneously every 
other week in combination with stable doses of methotrexate [7.5–25 mg/week orally]). (A) Representative 
histogram graphs showing CD25 staining on CD4+ T cells (left panel) or mTNF expression on 
CD4+CD25++ T cells (right panel) in RA patients before (Bef, black line) and three months after (Aft, gray 
line) adalimumab treatment. Numbers indicate the percentage of CD25++ expression on CD4+ T cells (left 
panel) or mTNF expression on CD4+CD25++ T cells (right panel). (B) Summary of the percentage of 
CD25++ T cells within CD4+ T cells (left panel) or of the frequency of CD4+CD25++ T cells co-expressing 
mTNF(right panel) in RA patients before (Bef) and 3 months after (Aft) TNF-blocking therapy. Each dot 
represents one patient (n=7). (C) Histogram showing lack of effect of adalimumab on the detection of 
mTNF by FITC-labeled infliximab. Cells were incubated with PBS (PBS-Inflix, shaded area), adalimumab 
(Ada-Inflix, thick black line) or infliximab (Inflix-Inflix, thin black line) at 4˚C for 30 mins. After washing, 
cells were stained for mTNF expression by infliximabFITC. *** = P < 0.001. 
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DISCUSSION 
 
Immunosuppressive CD4+CD25+ Treg cells are of great interest for immunotherapy to 
prevent transplant rejection and for the treatment of autoimmune diseases. Successful 
treatment of mice with collagen-induced arthritis, an animal model for human RA, by 
adoptive transfer of CD4+CD25+ Treg cells has been reported (9). However, unlike the 
situation in mice, in which expression of CD25 identifies a relatively homogeneous 
population of Treg cells, the identification and manipulation of Treg cells in humans is 
hampered due to the presence of large amounts of activated conventional T cells within the 
CD4+CD25+ T cell compartment. Although the highest expression of CD25 (termed 
CD25high or CD25++) on CD4+ T cells is now widely used to identify, isolate, and 
characterize naturally occurring Treg cells in humans, the reported defective suppressive 
function of the isolated CD4+CD25++ T cell population from patients with autoimmune 
diseases, such as RA, might still be attributed, at least in part, to the heterogeneous 
composition of this T cell population (10-15). Therefore, one of the main obstacles to 
therapeutic applications of Treg cells is to define and isolate cells displaying high 
inhibitory activity.  
 TNF is a pleiotropic cytokine critical for inflammation, maintenance of secondary 
lymphoid organ structure, and host defense against various pathogens as well as for the 
pathogenesis of RA (32-34, 41, 42). Moreover, mTNF expressed on the surface by CD4+ 
T cells activates macrophages, costimulates B cell activation, and increases antibody 
production (27-29). Therefore, we speculated that mTNF-expressing CD4+CD25++ T 
cells are enriched for activated conventional T cells and/or T cells with inferior suppressive 
function, since Treg cells inhibit the function of monocytes/macrophages, reduce antibody 
production of B cells, and produce very small amounts of TNF, even in the presence of 
IL-2 (5, 6, 21). Our results reveal a significant expression of mTNF within the 
CD4+CD25++ T cell population in both RA patients and in healthy individuals (Figure 1 
and data not shown). Although mTNF+CD4+CD25++ T cells display suppressive activity, 
this activity is much less potent than that of their mTNF- counterparts (Figure 4). 
Therefore, we conclude that mTNF expression is a marker that is inversely associated 
with the suppressive capacity of CD4+CD25++ T cells. 
  It has been shown that surface CD127 expression is inversely correlated with the 
expression of Foxp3 and suppressive function of fresh human CD4+ T cells (37). However, 
our data indicate that these two markers are not differentially expressed by CD4+CD25++ T 
cells that do and those that do not express mTNF (Figure 2). Although Foxp3 was 
thought to program the development and function of murine CD4+CD25+ Treg cells (19), 
Foxp3 is not a Treg-specific marker in humans, since it is also expressed in activated 
effector T cells (20-22, 43). Likewise, not all of the CD4+CD127low/- cells in human 
PBMCs are Foxp3+, since CD127 is downregulated in recently activated effector T cells 
(22, 37). Therefore, our data suggest that the expression levels of Foxp3 or CD127 do not 
correlate with the suppressive activity within the CD4+CD25++ T cell compartment, 
whereas the absence of mTNF on CD4+CD25++ T cells can be used to characterize and 
enrich Treg cells with maximal suppressor potency. 

Recent reports have suggested that in vivo a portion of the human CD4+CD25++ T 
cell population is generated from rapidly dividing, highly differentiated memory CD4+ T 
cells (44, 45). Since the memory T cell marker CD45RO is highly expressed on 
mTNF+CD4+CD25++ T cells (Figure 2), and mTNF expression on these cells correlates 
with disease activity (Figure 1D), it is tempting to speculate that these Foxp3 positive, 
anergic mTNF+CD4+CD25++ T cells are “adaptive” Treg cells derived from memory T 
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cells in the periphery. Such cells could emerge as a negative feedback to dampen immune 
responses, as proposed previously (44-47). Our results showing that a subset of 
CD4+CD25++ T cells display a less potent suppressive capacity and bear additional 
activation markers, such as CD45RO, would support this notion. The reason why such 
cells also express mTNF could relate to their former function as effector cells, during 
which they secreted TNF. The expression of mTNF would, in that context, be a residual 
property of these cells. This could also explain the correlation between their presence and 
disease activity, since it is conceivable that greater disease activity would lead to more 
exhausted effector T cells that express mTNF.  

 Treatment of RA patients with TNF blockers results in significant clinical 
benefit, which most likely involves the inhibition of the TNF-induced inflammatory 
cytokine cascades (34). Moreover, recent studies have suggested that anti-TNF antibodies 
could also reverse the “compromised” suppressive function of isolated CD4+CD25++ T 
cells in RA patients (10-12, 30). This restoration is thought to involve the neutralization of 
circulating soluble TNF that inhibits Treg function via TNFRII and/or to induce a distinct 
CD62L-CD25++ Treg cell population via TGF- in RA patients (11, 12). Considering the 
fact the adalimumab could deplete mTNF-expressing cells via inducing apoptosis, 
antibody-dependent cellular cytotoxicity (ADCC), and/or complement-dependent 
cytotoxicity (CDC) both in vitro and in vivo (48-50), our results provide an additional 
explanation for the reversal of Treg cell activity of the isolated CD4+CD25++ T cell 
population after anti-TNF antibody therapy, since they indicate that these antibodies 
deplete the less suppressive mTNF+CD4+CD25++ T cells from the CD4+CD25++ T cell 
population in RA patients (Figure 4 & 5).  

In conclusion, we have demonstrated that mTNF is expressed on a significant 
percentage of CD4+CD25++ T cells in human peripheral blood, and that this expression is 
correlated with disease activity in RA patients. Moreover, the absence of surface mTNF 
expression can be used to identify and isolate a subset of CD4+CD25++ T cells with potent 
suppressive capability. Furthermore, our results indicate that, in addition to blocking 
soluble circulating TNFand/or inducing a new Treg population (11, 12), selective 
depletion of the less effective mTNF+ suppressors from the CD4+CD25++ T cell 
compartment in RA patients may be another explanation for the recovery of Treg function 
by anti-TNF therapy. 
 
 
 
ACKNOWLEDGEMENTS 
 
We thank all patients and healthy individuals donating blood samples. We thank A.E.M. Jongma and A.J.M. 
Schuerwegh for collecting clinical samples and G.M. de Roo for help with FACS-sorting. This work was 
supported by the European Community’s FP6 funding Project 018661 Autocure, the Netherlands 
Organization for Scientific Research VIDI innovation grant (to R.E.M.T.) and the Netherlands Organization 
for Health Research and Development (ZonMw) (to H.v.D. grantnumber 920-03-259). 
 
 
 
ABBREVIATIONS 
 
mTNF, membrane-bound TNFTreg, T regulatory. 
 
 



 

Membrane-bound TNFdiscriminates Treg activity

 55

REFERENCE 
 

1. Itoh M, Takahashi T, Sakaguchi N, Kuniyasu Y, Shimizu J, Otsuka F, et al. Thymus and 
autoimmunity: production of CD25+CD4+ naturally anergic and suppressive T cells as a key 
function of the thymus in maintaining immunologic self-tolerance. J Immunol. 1999; 162: 5317-26. 

2. Apostolou I, von Boehmer H. In vivo instruction of suppressor commitment in naive T cells. J Exp 
Med. 2004; 199: 1401-08. 

3. Jonuleit H, Schmitt E, Stassen M, Tuettenberg A, Knop J, Enk AH. Identification and functional 
characterization of human CD4+CD25+ T cells with regulatory properties isolated from peripheral 
blood. J Exp Med. 2001; 193:1285-94. 

4. Dieckmann D, Plottner H, Berchtold S, Berger T, Schuler G. Ex vivo isolation and characterization 
of CD4+CD25+ T cells with regulatory properties from human blood. J Exp Med. 2001; 193: 1303-
10. 

5. Lim HW, Hillsamer P, Banham AH, Kim CH. Cutting edge: direct suppression of B cells by 
CD4+CD25+ regulatory T cells. J Immunol. 2005; 175: 4180-3. 

6. Taams LS, van Amelsfort JM, Tiemessen MM, Jacobs KM, de Jong EC, Akbar AN, et al. 
Modulation of monocyte/macrophage function by human CD4+CD25+ regulatory T cells. Hum 
Immunol. 2005; 66: 222-30. 

7. Cohen JL, Trenado A, Vasey D, Klatzmann D, Salomon BL. CD4+CD25+ immunoregulatory T 
cells: new therapeutics for graft-versus-host disease. J Exp Med. 2002; 196: 401-06. 

8. Tang Q, Henriksen KJ, Bi M, Finger EB, Szot G, Ye J, et al. In vitro-expanded antigen-specific 
regulatory T cells suppress autoimmune diabetes. J Exp Med. 2004; 199: 1455-65. 

9. Morgan ME, Flierman R, van Duivenvoorde LM, Witteveen HJ, van Ewijk W, van Laar JM, et al. 
Effective treatment of collagen-induced arthritis by adoptive transfer of CD25+ regulatory T cells. 
Arthritis Rheum. 2005; 52: 2212-21. 

10. Ehrenstein MR, Evans JG, Singh A, Moore S, Warnes G, Isenberg DA, et al. Compromised function 
of regulatory T cells in rheumatoid arthritis and reversal by anti-TNFalpha therapy. J Exp Med. 
2004; 200: 277-85. 

11. Valencia X, Stephens G, Goldbach-Mansky R, Wilson M, Shevach EM, Lipsky PE. TNF 
downmodulates the function of human CD4+CD25hi T-regulatory cells. Blood. 2006; 108: 253-61. 

12. Nadkarni S, Mauri C, Ehrenstein MR. Anti-TNF-alpha therapy induces a distinct regulatory T cell 
population in patients with rheumatoid arthritis via TGF-beta. J Exp Med. 2007; 204: 33-39. 

13. Brusko TM, Wasserfall CH, Clare-Salzler MJ, Schatz DA, Atkinson MA. Functional defects and the 
influence of age on the frequency of CD4+ CD25+ T-cells in type 1 diabetes. Diabetes. 2005; 54: 
1407-09. 

14. Kriegel MA, Lohmann T, Gabler C, Blank N, Kalden JR, Lorenz HM. Defective suppressor 
function of human CD4+CD25+ regulatory T cells in autoimmune polyglandular syndrome type II. J 
Exp Med. 2004; 199: 1285-91. 

15. Viglietta V, Baecher-Allan C, Weiner HL, Hafler DA. Loss of functional suppression by 
CD4+CD25+ regulatory T cells in patients with multiple sclerosis. J Exp Med. 2004; 199: 971-79. 

16. van Amelsfort JM, Jacobs KM, Bijlsma JW, Lafeber FP, Taams LS. CD4+CD25+ regulatory T cells 
in rheumatoid arthritis: differences in the presence, phenotype, and function between peripheral 
blood and synovial fluid. Arthritis Rheum. 2004; 50: 2775-85. 

17. Cao D, Malmstrom V, Baecher-Allan C, Hafler D, Klareskog L, Trollmo C. Isolation and functional 
characterization of regulatory CD25brightCD4+ T cells from the target organ of patients with 
rheumatoid arthritis. Eur J Immunol. 2003; 33: 215-23. 

18. Baecher-Allan C, Brown JA, Freeman GJ, Hafler DA. CD4+CD25high regulatory cells in human 
peripheral blood. J Immunol. 2001; 167: 1245-53. 

19. Ziegler SF. FOXP3: of mice and men. Annu Rev Immunol. 2006; 24: 209-26. 

20. Gavin MA, Torgerson TR, Houston E, Deroos P, Ho WY, Stray-Pedersen, et al. Single-cell analysis 
of normal and FOXP3-mutant human T cells: FOXP3 expression without regulatory T cell 
development. Proc Natl Acad Sci. USA 2006; 103: 6659-64. 



 

Chapter 3 

 56

21. Wang J, Ioan-Facsinay A, van der Voort EI, Huizinga TW, Toes RE. Transient expression of 
FOXP3 in human activated nonregulatory CD4+ T cells. Eur J Immunol. 2007; 37: 129-38. 

22. Allan SE, Crome SQ, Crellin NK, Passerini L, Steiner TS, Bacchetta R, et al. Activation-induced 
FOXP3 in human T effector cells does not suppress proliferation or cytokine production. Int 
Immunol. 2007; 19: 345-54. 

23. Takahashi T, Tagami T, Yamazaki S, Uede T, Shimizu J, Sakaguchi N, et al. Immunologic self-
tolerance maintained by CD25+CD4+ regulatory T cells constitutively expressing cytotoxic T 
lymphocyte-associated antigen 4. J Exp Med. 2000; 192: 303-10. 

24. McHugh RS, Whitters MJ, Piccirillo CA, Young DA, Shevach EM, Collins M, et al. CD4+CD25+ 

immunoregulatory T cells: gene expression analysis reveals a functional role for the glucocorticoid-
induced TNF receptor. Immmunity. 2003; 16: 311-23. 

25. Kriegler M, Perez C, DeFay K, Albert I, Lu SD. A novel form of TNF/cachectin is a cell surface 
cytotoxic transmembrane protein: ramifications for the complex physiology of TNF. Cell. 1988; 53: 
45-53. 

26. Kinkhabwala M, Sehajpal P, Skolnik E, Smith D, Sharma VK, Vlassara H, et al. A novel addition to 
the T cell repertory. Cell surface expression of tumor necrosis factor/cachectin by activated normal 
human T cells. J Exp Med. 1990; 171: 941-46. 

27. Sypek JP, Wyler DJ. Antileishmanial defense in macrophages triggered by tumor necrosis factor 
expressed on CD4+ T lymphocyte plasma membrane. J Exp Med. 1991; 174: 755-59.  

28. Aversa G, Punnonen J, de Vries JE. The 26-kD transmembrane form of tumor necrosis factor alpha 
on activated CD4+ T cell clones provides a costimulatory signal for human B cell activation. J Exp 
Med. 1993; 177: 1575-85. 

29. Del Prete G, De Carli M, D'Elios MM, Fleckenstein IM, Fickenscher H, Fleckenstein B, et al. 
Polyclonal B cell activation induced by herpesvirus saimiri-transformed human CD4+ T cell clones. 
Role for membrane TNF-alpha/TNF-alpha receptors and CD2/CD58 interactions. J Immunol. 1994; 
153: 4872-79. 

30. Vigna-Perez M, Abud-Mendoza C, Portillo-Salazar H, Alvarado-Sanchez B, Cuevas-Orta E, 
Moreno-Valdes R, et al. Immune effects of therapy with Adalimumab in patients with rheumatoid 
arthritis. Clin Exp Immunol. 2005; 141: 372-80. 

31. Arnett FC, Edworthy SM, Bloch DA, McShane DJ, Fries JF, Cooper NS, et al. The American 
Rheumatism Association 1987 revised criteria for the classification of rheumatoid arthritis. Arthritis 
Rheum. 1988; 31: 315-24. 

32. Vassalli P. The pathophysiology of tumor necrosis factors. Annu Rev Immunol. 1992; 10: 411-52. 

33. Kollias G, Douni E, Kassiotis G, Kontoyiannis D. On the role of tumor necrosis factor and receptors 
in models of multiorgan failure, rheumatoid arthritis, multiple sclerosis and inflammatory bowel 
disease. Immunol. Rev. 1999; 169: 175-94.   

34. Choo-Kang BS, Hutchison S, Nickdel MB, Bundick RV, Leishman AJ, Brewer JM, et al. TNF-
blocking therapies: an alternative mode of action? Trends Immunol. 2005; 26: 518-22. 

35. Van den Brande JM, Braat H, van den Brink GR, Versteeg HH, Bauer CA, Hoedemaeker I, et al. 
Infliximab but not etanercept induces apoptosis in lamina propria T-lymphocytes from patients with 
Crohn's disease. Gastroenterology. 2003; 124: 1774-85. 

36. Van der Heijde DM, van’t Hof MA, van Riel PL, Theunisse LM, Lubberts EW, van Leeuwen MA, 
et al. Judging disease activity in clinical practice in rheumatoid arthritis: First step in the 
development of a disease activity score. Ann Rheum Dis. 1990; 49: 916-40. 

37. Liu W, Putnam AL, Xu-Yu Z, Szot GL, Lee MR, Zhu S, et al. CD127 expression inversely 
correlates with FoxP3 and suppressive function of human CD4+ T reg cells. J Exp Med. 2006; 203: 
1701-11. 

38. Fritzsching B, Oberle N, Pauly E, Geffers R, Buer J, Poschl J, et al. Naive regulatory T cells: a 
novel subpopulation defined by resistance toward CD95L-mediated cell death. Blood. 2006; 108: 
3371-78. 

39. Levings MK, Sangregorio R, Roncarolo MG. Human CD25+CD4+ T regulatory cells suppress naive 
and memory T-cell proliferation and can be expanded in vitro without loss of function. J Exp Med. 
2001; 193: 1295-302. 



 

Membrane-bound TNFdiscriminates Treg activity

 57

40. Prevoo Ml, van’t Hof MA, Kuper HH, van Leeuwen MA, van de Putte LB, van Riel PL. Modifed 
disease activity scores that include twenty-eight-joint counts: development and validation in a 
prespective longitudinal study of patients with rheumatoid arthritis. Arthrits Rheum. 1995; 38: 44-8. 

41. Pasparakis M, Alexopoulou L, Episkopou V, Kollias G. Immune and inflammatory responses in 
TNF alpha-deficient mice: a critical requirement for TNF alpha in the formation of primary B cell 
follicles, follicular dendritic cell networks and germinal centers, and in the maturation of the 
humoral immune response. J Exp Med. 1996; 184: 1397-411. 

42. Cope A, Ettinger R, McDevitt H. The role of TNF alpha and related cytokines in the development 
and function of the autoreactive T-cell repertoire. Res Immunol. 1997; 148: 307-12. 

43. Ziegler SF. FOXP3: not just for regulatory T cells anymore. Eur J Immunol. 2007; 37: 21-23. 

44. Vukmanovic-Stejic M, Zhang Y, Cook JE, Fletcher JM, McQuaid A, Masters JE, et al. Human 
CD4+CD25hiFoxp3+ regulatory T cells are derived by rapid turnover of memory populations in vivo. 
J Clin Invest. 2006; 116: 2423-33. 

45. Akbar AN, Vukmanovic-Stejic M, Taams LS, Macallan DC. The dynamic co-evolution of memory 
and regulatory CD4+ T cells in the periphery. Nat Rev Immunol. 2007; 7: 231-37.  

46. Taams LS, Wauben MH. Anergic T cells as active regulators of the immune response. Hum 
Immunol. 2000; 61: 633-39.  

47. Haas J, Fritzsching B, Trubswetter P, Korporal M, Milkova L, Fritz B, et al. Prevalence of newly 
generated naive regulatory T cells (Treg) is critical for Treg suppressive function and determines 
Treg dysfunction in multiple sclerosis. J Immunol. 2007; 179: 1322-30. 

48. Shen C, Van Assche G, Rutgeerts P, Ceuppens JL. Caspase activation and apoptosis induction by 
adalimumab: demonstration in vitro and in vivo in a chimeric mouse model. Inflamm Bowel Dis. 
2006; 12: 22-28. 

49. Shen C, Assche GV, Colpaert S, Maerten P, Geboes K, Rutgeerts P, et al. Adalimumab induces 
apoptosis of human monocytes: a comparative study with infliximab and etanercept. Aliment 
Pharmacol Ther. 2005; 21: 251-58. 

50. Nesbitt A, Fossati G, Bergin M, Stephens P, Stephens S, Foulkes R, Brown D, Robinson M, Bourne 
T. Mechanism of action of certolizumab pegol (CDP870): In vitro comparison with other anti-tumor 
necrosis factor alpha agents. Inflamm Bowel Dis. 2007; 13: 1323-22. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Chapter 3 

 58

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


