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Abstract

TNF is a multifunctional cytokine that is critical to host defense against pathogens but can also
drive the pathophysiology of inflammatory diseases. Inhibition of TNF occasionally causes
exacerbation of some autoimmune diseases, suggesting a role for TNF in the regulation of immune
homeostasis. Here, we demonstrate that human peripheral blood CD4*CD25*Foxp3* regulatory T
cells (Tregs) express membrane- bound TNF, a potent activator of the type 2 TNF receptor. While
the type 1 TNF receptor can cause cell death and is expressed ubiquitously, the type 2 receptor
promotes cell growth and its expression is limited mainly to immune and endothelial cells. When
autocrine TNF is blocked in an /n vitro culture without IL-2, activated Tregs stop proliferating.
These data indicate a novel role for TNF as a Treg-derived autocrine growth factor.
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1. Introduction

Tumor Necrosis Factor (TNF, previously called TNF-a.) is a multi-functional cytokine that
plays a protective role in defense against microbes, but also exacerbates inflammation [1].
Clinical studies show that inhibition of TNF is a highly effective treatment for many
inflammatory diseases [2]. In particular, neutralizing antibodies against TNF or TNF
receptors greatly improve clinical outcomes in patients with rheumatoid arthritis and
inflammatory bowel disease [3, 4].

While the anti-inflammatory effect of TNF inhibition is well established, TNF inhibition
fails to ameliorate other autoimmune disorders such as multiple sclerosis and vitiligo [5, 6].
Moreover, inhibition of TNF causes adverse effects in some patients and even exacerbates
autoimmune disorders [7]. Similarly, in TNF knockout mice, loss of TNF increases the
extent of autoimmune disease rather than improving symptoms [8, 9]. A critical question is:
how can decreased levels of TNF exacerbate, instead of ameliorate, inflammatory processes
such as autoimmunity?

Contradictory data from different experimental and clinical settings suggest that TNF plays
both immunosuppressive and immune-enhancing roles depending on the cell and receptor
types stimulated by TNF. There are two types of receptors for TNF: TNFR1 and TNFR2.
TNFR1 contains a death domain in the cytoplasmic region and can induce apoptosis when
activated [1]. TNFR2 lacks the death domain and instead transduces signaling for cell
proliferation. Previous reports suggest that TNFR2 plays protective roles in autoimmune
disorders [10]. While many types of cells express TNFR1, expression of TNFR2 is limited
mostly to endothelial and lymphoid cells [11]. Tregs express TNFR2 and require TNFR2 for
functional stability [12]. Importantly, TNFR2 antagonists block proliferation of Tregs, but
not effector T cells /n vitro[13] and /n vivo [14]. Moreover, TNF promotes proliferation of
regulatory T cells [15] and aids in Treg differentiation by blocking differentiation of Th17
cells [16].

These data suggest that TNF supports the functions and/or homeostasis of Tregs via TNFR2.
If so, then the manner in which Tregs receive TNFR2 signaling is an important component
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of immune regulation. TNF is initially expressed as a transmembrane protein and becomes
soluble after proteolysis [17]. While soluble TNF (sTNF) activates both TNFR1 and
TNFR2, membrane-bound TNF (mTNF) more potently activates TNFR2 [18]. Because of
the significance of TNFR2 signaling in immune regulation and Treg proliferation, we
investigated cell types that express mTNF in human PBMCs. A previous report
demonstrated that mTNF on monocytes can activate Tregs through binding TNFR2 on Tregs
[19]. In this study, we found that CD4+*CD25*Foxp3* regulatory T cells themselves express
membrane-bound TNF. Additionally, our data show that TNF produced by Tregs plays a role
in Treg proliferation when IL-2, a growth factor for Tregs, is limited.

2. Materials and Methods

2.1 Mononuclear Cell Isolation and Cell purification

Adult PBMCs were collected from healthy donors in heparin solution or sodium citrate, and
mononuclear cells were isolated by density gradient centrifugation using Lymphocyte
Separation Medium (Corning). Red blood cells were lysed with ACK lysis buffer (Gibco).
Adult Tregs (CD4*CD127'°%CD25*) and CD4*CD25~ conventional T cells were enriched
using the EasySep Human Regulatory T Cell Isolation Kit (Stem Cell Technologies).

2.2 Flow Cytometry

Antibodies used for flow cytometry experiments were anti-CD4-FITC or Pacific Blue
(OKT4), CD25-APC/Fire 750 or Brilliant Violet 421 (M-A251), CD14 Pacific Blue
(HCD14), CCR4-PE/cy7 (L291H4), CCR6-PerCP/cy5.5 (GO34E3), Foxp3 AlexaFluor 647
(259D), TNF-a PE (Mab11), and IFN-y AlexaFluor 488 (4S.B3) (Biolegend). Anti- CD127
conjugated to PE-cy5 (eBioRDR5) was purchased from eBioscience. Cells were blocked
prior to surface staining with Human TruStain FcX blocking solution (Biolegend). After
surface staining cells were fixed and permeabilized using the True Nuclear Transcription
Factor Buffer set (Biolegend). Data were collected on FACS Canto Il and LSR Fortessa (BD
Biosciences) and analyzed by Flowjo v.10 software (Tree Star, Inc.).

2.3 Cell Stimulation

Cells were stimulated using PMA (50 ng/mL; Fisher Bioreagents) and ionomycin (1 uM;
Sigma-Aldrich) in the presence of monensin (1 uM, Biolegend) for 4 hours at 37°C in 5%
COo». Cells were stimulated in RPMI 1640 (HyClone) supplemented with 10% fetal bovine
serum (FBS). For surface TNF analysis, stimulation was performed without monensin. For
antibody-based stimulation, Tregs and conventional T cells were stimulated for 16 hours by
anti-CD3 (OKT3) and anti-CD28 (CD28.2) antibodies (Biolegend) coated on a 96 well non-
tissue culture-treated plate, with monensin added for the final 4 hours.

2.4 Treg Proliferation Assay

Adult Tregs were isolated by magnetic sorting as previously described. Cells were labeled
with CFSE according to manufacturer protocols (Biolegend) and 100,000 cells were added
to each well of a 96-well non-tissue culture-treated plate coated with anti- CD3 (OKT3,
Biolegend). Costimulation was provided by 5 pg/mL LEAF anti-CD28 (CD28.2,
Biolegend). IL-2 (10 ng/mL; PeproTech) was provided to control wells only and all other
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conditions were treated with 2 pg/mL LEAF grade anti-1L-2 antibody (MQ1- 17H12,
Biolegend). LEAF grade anti-TNF (MAb11) or isotype control LEAF migG1 (25 pg/mL)
were added as indicated (Biolegend). After 5 days, live cells were counted in triplicate in
0.1% trypan blue solution in PBS. Average cell number was calculated from triplicate values
and divided by cell number of untreated control to generate plotted data.

2.5 Statistical Analysis

Graphs were generated using GraphPad Prism software and analyzed by paired, two- tailed
t-test unless otherwise specified. Figure 2A was analyzed by one-way ANOVA with
Dunnett’s multiple comparisons test. The following designation was used: *p<0.05,
**p<0.01, ***p<0.001. Error bars represent standard error of the mean unless otherwise
specified.

3. Results and Discussion

Activated monocytes/macrophages and T cells are considered to be the major producers of
TNF [20]. TNF is expressed as a type Il transmembrane protein and must be cleaved by
proteolysis to produce the soluble form [21]. Both the membrane and soluble forms of TNF
are active and can signal via TNF receptors, however, each form exhibits specific activity.
Soluble TNF signals more readily via TNFR1, while mTNF has a greater affinity for TNFR2
[18]. TNFRL1 contains an intracellular death domain and signals for cell cycle arrest and
apoptosis, while TNFR2 lacks a death domain and promotes growth and proliferation.
Human Foxp3* Tregs express TNFR2 but not TNFR1 [12]. Due to the different effects
mediated by the two different forms of TNF, we investigated cells in adult peripheral blood
that express mTNF.

As previously reported, we detected mTNF staining on stimulated CD14"monocytes
(sFig1A) [19]. In addition to monocytes, we found that a majority of activated, but not
resting, peripheral blood CD4*CD25*CD127!°"Foxp3* Tregs express mTNF (Fig.1A, B). A
previous study has shown mTNF expression on CD4*25* T cells in patients with rheumatoid
arthritis [22]. Our data show that healthy donor Tregs also express mTNF when activated.
Only a small percentage of CD4*25 Foxp3~ conventional T cells express mTNF at low
levels compared to Tregs(Fig.1A, B). Intracellular TNF (total TNF, tTNF) in conventional T
cells was present at comparable levels to activated Tregs, suggesting that conventional T
cells release membrane TNF more efficiently than Tregs (Fig.1C, D). As a control, we
examined the expression of another pro-inflammatory cytokine, IFN-y, by Tregs. Unlike
conventional Foxp3™~ T cells, Foxp3* Tregs did not produce IFN-y (Fig.1 C, D). Stimulation
by anti-CD3 and anti- CD28 Abs also induces expression of TNF by Foxp3* Tregs (sFig.
1B). These data demonstrate that stimulated human Foxp3*CD4" Tregs produce TNF.

We next addressed the function of TNF produced by Tregs. Since previous work by other
groups indicates that TNF can play immunoregulatory roles, we hypothesized that TNF may
be an autocrine growth factor for Tregs. It is well known that IL-2 plays a pivotal role in the
maintenance of Foxp3* Tregs. Mice that lack IL-2 or IL-2 receptors (a or § chain) show
severe lymphoproliferative disorders and eventually develop lethal autoimmune diseases
such as hemolytic anemia and IBDs [23, 24]. However, the symptoms of these mice are less
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severe compared to Foxp3 deficient mice (e.g. scurfy mice or Foxp3 KO mice). Indeed,
there is a small fraction of Foxp3™ T cells present in the periphery of IL-2 or IL-2 receptor
KO mice [25]. These data suggest that there are factors other than IL-2 that can support
growth of Tregs. Based on these data, we hypothesized that TNF may provide a growth
signal for Tregs in conditions where IL-2 availability is limited.

To test this hypothesis, we cultured purified Tregs without the addition of exogenous IL-2
(Fig.2). Treg purity after magnetic sorting was consistently >96% CD4™, and >90% of CD4"*
cells were CD25*Foxp3* (sFig2). An anti-IL-2 neutralizing antibody was also added to the
purified Tregs to limit IL-2 signaling. In the absence of IL-2, Treg proliferation was limited
and the cell number was maintained at the input level after 5 days of culture. When we
added an anti-TNF neutralizing antibody, the cell number decreased in a dose-dependent
manner (Fig.2A). The decrease in cell number is due to reduced proliferation of Foxp3*
Tregs as indicated by a reduction in CFSEYM cells in samples treated with anti-TNF Ab
(Fig.2B). Tregs treated with anti-TNF antibody showed a significant decrease in cell division
(Fig. 2C). The proliferating CFSEYIM cells maintain the prototypic Treg phenotype of
Foxp3*CD127'%" in the presence or absence of anti-TNF (Fig.2D-E). Proliferation of Tregs
was minimally affected by anti-TNF when recombinant IL-2 was provided in the culture
(Fig.2F), suggesting that TNF provides a growth signal for Tregs when IL-2 is limited. IL-2-
treated Tregs proliferated and maintained high expression of Foxp3 and low expression of
CD127 (Fig.2F-G).

Maintenance of Tregs is critical for homeostasis of the immune system. While activated T
cells make IL-2, the availability of IL-2 in normal tissues is limited [26]. Our previous work
using Cre knock-in of the IL-2 gene in mice also showed that, under healthy conditions, the
cells that produce/produced IL-2 primarily exist in the gut mucosa-associated secondary
lymphoid organs [27]. Therefore, tissue-resident Tregs may require factors other than I1L-2
for growth, and Treg-derived autocrine TNF may be one of these growth factors.

If TNF is important for Tregs to grow in non-lymphoid tissues where 1L-2 is limited, then
we expected that these Tregs express chemokine receptors that promote their localization to
non-lymphoid tissues. Recent reports suggest that human Tregs can be divided into subsets
based on surface chemokine receptors [28]. Chemokine receptors can control localization of
Tregs to suppress inflammation in a spatially controlled manner [29]. We found that TNF-
producing Foxp3* cells were predominantly CCR4*CCR6" (Fig.3A, B, C), a phenotype
previously considered to be Th17-like Tregs [30]. We also tested whether mTNF*Foxp3*
cells exhibited a similar phenotype. Significantly more mTNF*Foxp3* Tregs co-express
CCR4 and CCR6 compared to mTNF*Foxp3™~ conventional T cells(Fig.3D-E). We also
observed a small population of mTNF*Foxp3~ conventional T cells that were
CCR4*CCR6*, suggesting that these mTNF* conventional T cells may also impact Tregs in
the same microenvironment. CCR4 ligands (CCL17, CCL22) are highly expressed in the
thymus and lung while CCR6 ligands (CXCL9,10, and 11) are high in the liver and lung
[31]. These results indicate that Foxp3* TNF-producing cells have the potential to localize to
tissues differently than Foxp3~ conventional TNF-producing T cells. Additionally, these
results suggest that TNF* Tregs may have the potential to localize to non-lymphoid tissues.
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Some TNF-producing Foxp3* cells were CCR4~CCR6~, and these cells differed in
expression levels of Foxp3 and CD25 (Fig.3F-G). TNF*CCR4*CCR6* Tregs express higher
levels of Foxp3 and CD25 than TNF*CCR4~CCR6~ Tregs. This CCR4*Foxp3hiCcD25M
phenotype was also previously noted for TNFR2" Tregs which display more potent
suppressive activity compared to TNFR2™ Tregs [32]. These data also agree with a previous
report showing that exogenously added TNF increases the suppressive function of Foxp3*
Tregs [33].

Together these data demonstrate that activated CD4*Foxp3* Tregs are a source of mTNF in
human peripheral blood. As Tregs express TNFR2 but not TNFR1, mTNF expressed by
Tregs may stimulate Tregs in an autocrine manner via TNFR2 and promote their growth
and/or function. It should also be noted that mTNF can function as a receptor and transduce
signals into mTNF-expressing cells and induce TGF-B expression [34]. An intriguing but
untested possibility is that mTNF-expressing Tregs could communicate with TNFR1/TNFR2
expressing cells and receive yet undetermined signals to change their functions and/or
growth.

Tregs may also impact other types of cells via TNF. Clinical studies show that patients with
neurodegenerative disorders such as MS experienced exacerbation of symptoms following
TNF inhibition [5, 7]. Some neuronal cells such as microglia and oligodendrocytes express
TNFR2 [35]. TNFR2 expression by non-lymphoid cells was required for Treg functions in a
mouse model of MS, experimental autoimmune encephalomyelitis (EAE) [36]. TNF
promoted re-myelination by activating oligodendrocytes via TNFR2 [37] and a recent report
showed that expression of TNFR2 by microglia but not by macrophages is required for
effective neuronal protection in EAE [38]. An upcoming challenge will be to determine if
TNF from Tregs functions in a paracrine manner during interactions with non-lymphoid
cells to control local immune responses and tissue homeostasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlight

. Human Foxp3+ regulatory T cells produce membrane bound TNF.
. Autocrine TNF supports growth of Tregs in the absence of IL-2.
. TNF-producing Foxp3* cells are predominantly CCR4*CCR6™.
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Fig.1. Expression of TNF by human Foxp3* Tregs
Adult peripheral blood Tregs and conventional T cells were stimulated by PMA and

ionomycin for 4 hrs in the presence or absence of monensin (details described in materials
and methods). The expression of cytokines was determined by intracellular staining or
surface staining and analyzed by flow cytometry. (A) Expression of the membrane form of
TNF (mTNF) by CD4*CD25*Foxp3* (left) and CD4+*CD25 Foxp3~ T cells (right).
Representative data from 4 donors. Dashed lines indicate unstimulated samples and solid
lines indicate stimulated samples (B) Percentage of CD4*CD25*Foxp3* (Foxp3*) and
CD4*CD25 Foxp3~ (Foxp3™) cells staining positive for mTNF. Paired t-test (n=4)
p=0.0001. (C) Expression of total TNF (tTNF) (upper panels) and IFN-y (lower panels) by
unstimulated (left panels) or stimulated (right panels) Foxp3* Tregs by intracellular staining.
Representative data set from three samples. (D) Frequencies of tTNF (left) or IFN-y (right)
expressing cells among CD4*CD25*Foxp3* (Foxp3*) cells and CD4*CD25 Foxp3~
(Foxp3™) cells after stimulation. Student’s t-test; tTNF (n=6) p=0.758, IFN- y (n=3)
p=0.043.
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Fig.2. Effect of TNF inhibition on Treg proliferation
Tregs isolated from peripheral blood were labeled with CFSE and stimulated by plate-

bound anti-CD3 and soluble anti-CD28 in the presence of anti-TNF or isotype control
antibody (mlgG1) for 5 days. (A) Proliferation of Tregs in response to TNF inhibition. All
conditions were cultured with anti-IL-2. Percent input was calculated by counting cell
number in comparison to untreated control. Bars represent mean and standard deviation.
Statistical analysis by one-way ANOVA with Dunnett’s multiple comparisons test
(*p=0.011, ***p=0.0002). (B) Proliferation of Tregs measured by CFSE. Cells were treated
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with the addition of factors indicated above each panel. All conditions received anti-IL2 Ab
except for the control with exogenous I1L-2 added. Representative data from 4 donors. (C)
Fold change of divided cells (CFSEYM) in response to TNF inhibition. Fold change
calculated by percent divided cells in treated sample/untreated control (n=4) and analyzed by
paired t-test; p=0.0066. (D) Proliferation of Tregs. After 5 days of treatment with isotype
control (mlgG1) or anti-TNF (25 pg/mL), CFSE-labeled cells were stained for Foxp3 then
analyzed by flow cytometry. Data are representative of two independent experiments (n=2).
(E) Expression of CD127 among CFSEYM cells as gated in 2D. Dashed lines indicate
isotype control (n=2) (F) Proliferation of Tregs with exogenous IL-2 and isotype control
(mlgG1) or anti-TNF (25 pg/mL). After 5 days CFSE labeled cells were stained for Foxp3
and analyzed by flow cytometry. Data are representative of two independent experiments
(n=2). (G) Expression of CD127 among CFSEYM cells as gated in 2F (n=2).
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Fig.3. Chemokine receptor expression by TNF producing Tregs
Tregs or conventional T cells from peripheral blood of healthy donors were stimulated and

chemokine receptor expression was analyzed by flow cytometry. (A) Expression of
chemokine receptors and tTNF by CD4*CD25*Foxp3* cells. Tregs or conventional T cells
were stimulated as in Fig.1 and analyzed for expression of total TNF, CCR4 and CCR6. A
representative data set from three donors. (B) Expression of CCR4 and CCR6 by tTNF
+*CD4*CD25*Foxp3* Tregs (left) or by tTNF*CD4*CD25Foxp3~ conventional T cells
(right). (C) Percent of cells staining positive for CCR4 and CCR6 among
CD4*CD25*Foxp3*tTNF* (left) and CD4*CD25 Foxp3~tTNF* (right) cells from three
donors; paired t-test p=0.0339. (D) Expression of CCR4 and CCR6 by mTNF
*CD4*CD25*Foxp3* Tregs (left) or by mTNF*CD4*CD25 Foxp3~ conventional T cells
(right). Data are representative of three independent experiments (n=4). (E) Percent of cells
staining positive for CCR4 and CCR6 among mTNF*CD4*CD25*Foxp3* Tregs (left) or by
MTNF*CD4*CD25 Foxp3~ conventional T cells (right). Data from three independent
experiments (n=4); paired t-test, p=0.0063(F) Expression of Foxp3 and CD25 by tTNF
*CCR4*"CCR6* Tregs (solid lines) or by tTNF*CCR4™CCR6~ Tregs (dashed lines). Dotted
lines represent isotype control. Representative data from three donors. (G) Mean
fluorescence intensity of Foxp3 (left) and CD25 (right) among tTNF*CD4*CCR4*CCR6*
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and tTNF*CD4*CCR4~CCR6~ Tregs from three donors. Paired t-test; Foxp3 p=0.0043;
CD25 p=0.0807.
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