
Transmembrane TNF-TNFR2 Impairs TH17 Differentiation by 
Promoting Il2 Expression

Patrick G. Miller*, Michael B. Bonn*, and Susan C. McKarns*,†

*Laboratory of TGF-β Biology, Epigenetics, and Cytokine Regulation, Center for Cellular and 
Molecular Immunology, Department of Surgery, University of Missouri School of Medicine, 
Columbia, MO 65212, USA

†Department of Molecular Microbiology and Immunology, University of Missouri School of 
Medicine, Columbia, MO 65212, USA

Summary

The double-edged sword nature by which IL-2 regulates autoimmunity and the unpredictable 

outcomes of anti-TNF therapy in autoimmunity highlight the importance for understanding how 

TNF regulates IL-2. Transmembrane (tm) TNF preferentially binds TNFR2 while soluble (s) TNF 

binds TNFR1. We have previously shown reduced IL-2 production in TNFR1−/− TNFR2−/− CD4+ 

T cells. Here, we generated TNFR1−/−, TNFR2−/−, or TNFR1−/− TNFR2−/− 5C.C7 TCR Il2-GFP 

mice and report that CD4+ T cell-intrinsic tmTNF/TNFR2 stimulates Il2 promoter activity and Il2 
mRNA stability. We further utilize tmTNF Foxp3 GFP reporter mice and pharmacological TNF 

blockade in wild-type mice to report a tmTNF/TNFR2 interaction for Il2 expression. IL-17 is 

critical for host defense but its overabundance promotes autoimmunity. IL-2 represses TH17 

differentiation but the role for TNFR2 in this process is not well understood. Here, we report 

elevated expression of TNFR2 under TH17 polarization conditions. Genetic loss-of-function 

experimental models as well as selective TNF blockade by etanercept and XPro™1595 in wild-

type mice demonstrate that impaired tmTNF/TNFR2, but not sTNF/TNFR1, promotes TH17 

differentiation in vivo and in vitro. Under TH17 polarizing conditions, elevated IL-17 production 

by TNFR2 KO CD4+ T cells was associated with increased STAT3 activity and decreased STAT5 

activity. Increased IL-17 production in TNFR2 KO T cells was prevented by adding exogenous 

IL-2. We conclude that CD4+ T cell-intrinsic tmTNF/TNFR2 promotes IL-2 production that 

inhibits the generation of TH17 cells in a FoxP3-independent manner. Moreover, under TH17 

polarizing conditions, selective blockade of CD4+ T cell-intrinsic TNFR2 appears to be sufficient 

to promote TH17 differentiation.
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Introduction

IL-2 is essential for tolerance against self-antigens as illustrated by the autoimmune 

phenotype of the IL-2 knockout (KO) mouse (1–3). IL-2 is produced mainly by activated 

CD4+ T cells. This pleotropic cytokine signals through intermediate affinity, Kd ~10−9 M, 

CD122 (IL-2Rβ)/CD132 (γc) and ligand-specific high affinity, Kd ~10−11 M, CD122/

CD132/CD25 (IL-2Rα) receptor complexes that respond to ~1 nM and ~10 pM doses of 

IL-2, respectively (4) to activate downstream STAT5, MAPK, and PI3K signaling cascades 

(5). Consumption of IL-2 in the periphery by CD4+ effector T cells (Teffs) or T regulatory 

cells (Tregs) contributes to the control of TH cell differentiation and suppressor Treg 

function, respectively (6–9). Given the dichotomous role of IL-2 on immune regulation and 

the nature by which multiple cell populations compete for a common pool of IL-2, the rate 

and amount of IL-2 that is produced impacts the outcome of immune responses. In naïve 

cells, the Il2 promoter is silent but an integrated assembly of chromatin-remodeling 

complexes, histone modifications, and transcription factors, including AP-1, NF-κB, NFAT, 

and OCT-1, facilitate a rapid and transient onset of Il2 promoter activity. Il2 expression is 

controlled by the strength and duration of TCR signaling, co-stimulation, and rapid Il2 
mRNA degradation (8,10,11). The CD28 response element (RE), located −164 to −152 bp 

immediately upstream of the transcriptional start site, is especially important for Il2 gene 

transcription and post-transcriptional regulation of Il2 mRNA stability.

Our knowledge of how different ligand-receptor interactions contribute to T cell activation 

and differentiation has steadily grown to include a host of co-stimulatory molecules. In 

addition to signal 1 through the TCR and signal 2 (co-stimulation), we and others have 

shown that TNF receptors also promote IL-2 production (12–14). TNF, similar to other TNF 

family members (e.g., LIGHT, FasL, and TRAIL), exists in membrane-bound and soluble 

forms. The matrix metalloprotease TNF converting enzyme (TACE) cleaves transmembrane 

(tm) TNF from the cell surface to generate a 17 kDa soluble (s) TNF (15). sTNF and tmTNF 

preferentially signal through TNF receptor type 1 (TNFR1, CD120a, p55) and TNFR2 

(CD120b, p75), respectively (16,17). In contrast to the ubiquitous expression of TNFR1, 

TNFR2 is restricted mostly to hematopoietic cells, endothelium, microglia, and 

oligodendrocytes. Signaling downstream of TNFR1 and TNFR2 is distinct, yet overlapping, 

and is mediated by the recruitment of adaptor proteins and the activation of downstream 

transcription factors, including NF-κB and JNK. In contrast to TNFR2, TNFR1 contains an 

intracellular death domain and promotes caspase-mediated apoptosis (18, 19). Instead, 

TNFR2 contains intracellular TNF Receptor Associated Factor (TRAF) binding domains. 

We have previously associated TNFR1/TNFR2 double deficiency with impaired IL-2 

production (20), but the individual contribution of each of these receptors remains 

undefined.

Following activation, CD4+ T cells differentiate into distinct effector subpopulations 

characterized by unique cytokines, transcription factors, and immune regulatory properties. 

CD4+ TH17 T cells are characterized by the expression of retinoic acid-related (RAR) orphan 

receptor (ROR)-γt and the production of two related effector cytokines, IL-17 and IL-17F. 

TH17 cells are essential for host protection against bacterial and fungal infections, but too 

much IL-17 can promote inflammation or autoimmunity (21). How TNF regulates TH17 cells 
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is poorly understood. Given the recent interest in selective activation of TNFR2 as a 

therapeutic target, a better understanding of the selective roles of TNFR1 and TNFR2 on 

cytokine production by CD4+ T cells is needed. The objective of this study was threefold. 

First, determine the individual contribution of TNFR1 and TNFR2 on IL-2 expression. 

Second, determine whether regulation of IL-2 expression by TNFR1 or TNFR2 is CD4+ 

effector T cell-specific. Third, determine whether CD4+ Teff-specific ablation of TNFR2 

influences TH17 cell differentiation.

To investigate the individual contribution of TNFR1 and TNFR2 on IL-2 expression, we 

generated 5C.C7 TCR Rag2−/− Il2-GFP reporter mice that are singly deficient for either 

TNFR1 or TNFR2 or doubly deficient for both TNFR1 and TNFR2 to examine IL-2 

production at the level of promoter activity. We now report that an interaction of CD4+ T 

cell-intrinsic TNFR2 and tmTNF, but not TNFR1/sTNF, co-stimulates Il2 expression to fine 

tune the generation of CD4+ IL-2 producers. Although TNF has been implicated in TH17 

differentiation (22, 23), not much is known about the generation of TH17 cells in response to 

TNFR2 signaling. Here, we show that in addition to promoting the generation of FoxP3+ 

Tregs, TNFR2 inhibits TH17 differentiation by promoting Il2 expression. Lastly, we show 

that blockade of CD4+ T cell-intrinsic TNFR2 is sufficient to promote TH17 differentiation 

under TH17 polarizing conditions.

Materials and Methods

Mice

All animals were bred and housed under specific pathogen-free conditions in MU facilities 

that are accredited by the Association for Assessment and Accreditation of Laboratory 

Animal Care International. All experimental procedures using animals were approved by the 

MU Institutional Animal Care and Use Committee and were performed in accordance with 

the Guide for the Use and Care of Laboratory Animals. B10.A (H-2a) 5C.C7 Rag2−/− 

(referred to as 5C.C7) mice are specific for moth cytochrome c (MCC) aa 88–103 and 

pigeon cytochrome c (PCC) aa 81–104 bound to I-Ek (24). 5C.C7, 5C.C7 Il2-GFP+/+ 

(referred to as WT) (25), and 5C.C7 TNFR1/2 double knockout (referred to as dKO) (14, 

26) mice were obtained from the National Institute of Allergy and Infectious Diseases 

(NIAID) contract facility (Taconic Farms, Germantown, NY). WT mice were crossed with 

5C.C7 TNFR1/2 dKO mice to generate the following mouse models that are either 

homozygous (+/+) or heterozygous (+/−) or GFP: 5C.C7 TNFR1/2 dKO Rag2−/− Il2-GFP+/− 

(Il2+/−) and 5C.C7 TNFR1/2 dKO Rag2−/− Il2-GFP+/+ (Il2−/−) reporter mice (referred to as 

TNFR1/2 dKO); 5C.C7 TNFR1 KO Rag2−/− Il2-GFP+/− (Il2+/−) and 5C.C7 TNFR1 KO 

Rag2−/− Il2-GFP+/+ (Il2−/−) reporter mice (referred to as TNFR1 KO); and 5C.C7 TNFR2 

KO Rag2−/− Il2-GFP+/− (Il2+/−) and 5C.C7 TNFR2 KO Rag2−/− Il2-GFP+/+ (Il2−/−) reporter 

mice (referred to as TNFR2 KO). Heterozygous TNFΔ1–12 mutant mice, generated by G. 

Kollias (27), were purchased from the Italian National Research Council European Mouse 

Mutant Archive (CNR-EMMA) at the International Campus in Monterotondo (CNR-EMMA 

Monterotondo, Rome, Italy). TNFΔ1–12 mice were generated by replacing the endogenous 

TNF alleles with mutant tmTNF alleles that have a deletion (Δ) of aa 1–12 to eliminate the 

TACE cleavage site. Lymphotoxin alpha (LTα) gene expression in homozygous TNFΔ1–12 
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mice is comparative to that of Tnftm/wt (27). Homozygous TNFΔ1–12 mice were backcrossed 

onto the C57BL/6J background for eight generations and then crossbred with C57BL/6J 

(H-2b) 2D2 TCR Foxp3-GFP reporter mice, carrying the Vα3.2/Vβ11 TCR transgene 

generated in the Kuchroo Laboratory (28). C57BL/6 mice were purchased from The Jackson 

Laboratory (Bar Harbor, ME). The Foxp3-GFP reporter mice were a gift from H. Zaghouani 

(University of Missouri, Columbia, MO).

Antibodies and Reagents

TCR Vβ11 (KT11), CD120α (55R-286), CD120β (TR75-89), CD26 (H194-112), CD278 

(C398.4A), and CD62L (MEL-14) were purchased from BioLegend (San Diego, CA). TCRβ 

(H57-597), CD4 (RM4-5), CD4 (GK1.5), CD8α (Ly-2), CD120α (55R-286), CD69 

(H1.2F3), CD25 (PC61), TNF (MP6-XT22), CD45Rb (16A), and CD16/CD32 (2.4 G2) 

were purchased from BD Biosciences (San Jose, CA). FoxP3 (FJK-16s), CD28 (37.51), and 

LAP (TW7-16B4) were purchased from eBioscience (San Diego, CA). Annexin V and 7-

aminoactinomycin D (7-AAD) were purchased from BD Biosciences. Lyophilized 

recombinant mouse TNF (aa Val77-Leu233 [Accession# P06804], expressed in E. coli.) was 

purchased (R&D Systems, Minneapolis, MN) as a lyophilized powder, 0.2 µm filtered in 

PBS without a carrier protein, stored at −80°C, and reconstituted in sterile PBS with 0.01% 

BSA (Fraction V; Sigma-Aldrich, St. Louis, MO) as a carrier protein just prior to use. MCC 

aa 88–103 and myelin oligodendrocyte glycoprotein (MOG) aa 35–55 were purchased from 

AnaSpec Inc. (Fremont, CA). PMA, ionomycin, and cyclosporin A (CsA) were purchased 

from Calbiochem-EMD Millipore (Dormstadt, Germany). CFA was purchased from Sigma-

Aldrich.

Pharmacological TNF Blockade

A novel dominant-negative TNF (DN-TNF) analogue XPro™1595 (Xencor, Monrovia, CA), 

engineered for selective sTNF inhibition, was a gift from Dr. David Szymkowski, Xencor, 

Inc. XPro™1595 was administered at concentrations approximately ten-fold higher than 

native sTNF. XPro™1595 rapidly, within minutes, neutralizes greater than 99% of sTNF 

while sparing tmTNF activity (29, 30). Etanercept (Enbrel®; Amgen, Thousand Oaks, CA), 

a decoy TNFR2 which nonselectively blocks sTNF, tmTNF, and lymphotoxin (31, 32), was 

purchased from a pharmacy. For in vivo TNF neutralization, groups of mice were treated 

with twice-weekly s.c. injections of XPro™1595 (10 mg/kg) (29, 30), etanercept (10 mg/kg) 

(33), or saline vehicle as control starting on the day of immunization. Entenercept has 

previously been shown to antagonize IL-2 production (34).

Measurement of TNF Bioactivity

The manufacturer (R&D Systems) used lysis of murine L929 cells in the presence of 

actinomycin D to establish an ED50 value of 0.1 ng/ml, corresponding to a specific activity 

of ≥ 1 × 107 units/mg. Given that sTNF is bioactive only as a homotrimer of noncovalently 

linked 17 kDa monomers and disintegration of the recombinant homotrimer complex is 

possible, we further tested the bioactivity of recombinant sTNF in our culture system. For 

these analyses, pooled lymph nodes (axillary, brachial, and mesenteric) and splenocytes (5 × 

106 cells/ml in cRPMI) were stimulated with soluble anti-TCR-β (0.5 µg/ml) with increasing 

concentrations of reconstituted murine rTNF and incubated at 37°C and 5% CO2. NO, 
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released from cells and converted to nitrite (NO2) in the culture medium, was determined 

using the Griess reaction as previously described (35). Aliquots (100 µl) of supernatants 

were incubated with an equal volume Reagent A (1% sulfanilamide in 5% phosphoric acid) 

plus Reagent B (0.1%, w/v, N-1-napthylethylenediamine dihydrochloride) and absorbance 

was measured at 543 nm using a BioTek Synergy™ 4 spectrophotometry microplate reader 

(BioTek; Winooski, VT). NO2 was quantified using serially diluted (0 to 100 µM) sodium 

nitrite (NaNO2) as a standard (36). The data are expressed as micromolar (µM) NO2 with a 

limit of detection of 0.78 µM.

CD4+ T cell Purification

Lymph node (LN) T cells from 5 to 16 wk old 5C.C7 Rag2−/− mice were, at times, sorted for 

purity of CD4+ CD45high or CD4+CD44lowCD62high (> 95%) using a MoFlo™ XDP flow 

cytometer (Beckman Coulter, Pasadena, CA). T cells purified from the spleens (SPLNs) of 

5C.C7 mice and the lymph nodes and spleens of C57BL/6J mice were first enriched using 

EasySep™ CD4 negative selection (STEMCELL Technologies, Vancouver, BC, Canada), 

prior to MoFlo™ XDP sorting. T cells from C57BL/6J Foxp3-GFP reporter mice further 

sorted to exclude Foxp3-GFP positive cells. Post-sort cell viability was assessed by trypan 

blue exclusion. MoFlo™ XDP flow cytometer sorts typically yielded >99% purity.

CD4+ T cell Activation

Naive T cells were isolated from cervical, axillary, brachial, inguinal, and mesenteric lymph 

nodes of 5C.C7 Rag2−/− mice. Greater than 90% of the freshly isolated cells from the LNs 

were CD4+ T cells. Unless otherwise indicated, no further CD4+ T cell purification was 

performed. Freshly isolated CD4+ T cells were washed in complete RPMI (cRPMI), 

collected by centrifugation, and plated at a density of 1 × 105 cells/ml in round-bottom 96-

well plates (Corning, Corning, NY). Direct addition of soluble MCC88–103 to cell cultures 

was used to study Ag-induced responses. Alternatively, plates pre-coated with anti-TCRβ 

(10 µg/ml or as otherwise indicated) plus anti-CD28 or co-cultures using MCC88–103 in 

combination with irradiated WT splenocytes as antigen presenting cells were used. Cell 

cultures were maintained in RPMI-1640 (Invitrogen Life Technologies, Grand Island, NY), 

supplemented with 10% FCS, 2 mM L-glutamine, 0.1 mM nonessential amino acids, 100 

U/ml penicillin, 100 g/ml streptomycin, 40 µg/ml gentamicin, 10 mM HEPES, 1 mM 

sodium pyruvate, and 50 µM β-mercaptoethanol. Cultures were supplemented with anti-

CD28 (37.51 ascites fluid [a gift from J. Allison, MD Anderson Cancer Center, Houston, 

TX] at a final dilution of 1/1000) for co-stimulation. Alternatively, cells were activated in 

response to PMA (10 ng/ml) and ionomycin (1 µM). Foxp3-GFP reporter and tmTNF 

transgenic (Tg) mice were on the H-2b–restricted C57BL/6J background and some of these 

mice were 2D2 TCR transgenic. T cells from these mice were isolated and purified as 

described above, but activated in response to plate-bound TCRβ and anti-CD28 or 

MOG35–55.

Cytokine Secretion

IL-2, IL-17A, IFN-γ, and TNF were quantified by mouse Ready-SET-Go!® ELISA kits 

(eBioscience). Cell-free culture supernatants and plasma samples were stored at −80°C until 

use. The absorbance (450 nm) minus background (570 nm) of the colorimetric reactions 
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were quantified using a BioTek Synergy™ 4 spectrophotometry microplate reader (BioTek). 

The lower limit of sensitivity of the TNF assay was 8 pg/ml. The recognition of TNF by this 

assay is not interfered with by 1000X excess soluble TNFR1 or TNFR2.

TH17 Cell Differentiation

In Vivo—FACS-purified CD4+ CD62highCD44low T effector cells (1 × 106) from WT or 

5C.C7 TNFR2 KO Il2-GFP+/− and Il2-GFP+/− mice were transferred into B10.A Rag2−/− 

mice. The host mice were then immunized with MCC88–103 (20 µg) emulsified in CFA (200 

µl) as previously described (37). LNs and spleens were harvested four days after 

immunization. CD4+ T cells were enriched (> 90% purity) using EasySep™ CD4+ negative 

enrichment kits and restimulated with PMA and ionomycin for 12 h. Cell-free supernatants 

were collected and stored at −80°C until use. IL-17A and IFN-γ cytokine secretion were 

quantified by ELISA. In Vitro— TH0 polarization: Naïve CD4+ T cells (1 X 106 c/ml), 

purified from WT or TNFR2 KO B10.A 5C.C7 Rag2−/− Il2-GFP+/− (Il2+/−) or Il2-GFP+/+ 

(Il2−/−) mice were stimulated for 3 days with plate-bound α-TCRβ (H57, 5 µg/ml) and 

soluble α-CD28 with no added cytokines. For TH17 polarization, cells were polarized with 

IL-6 (50 ng/ml, PeproTech) TGF-β (2.5 ng/ml, R&D Systems), α-IFN-γ (XMG1.2, 10 

µg/ml, Bio X Cell) and α-IL-4 (11B11; 10 µg/ml , Bio X Cell) in addition to the plate-bound 

α-TCRβ and soluble α-CD28. When indicated, IL-2 (100 U/ml, Life Technologies) was 

added at the beginning of stimulation. Cells were collected at 72 h for RNA, intracellular 

cytokine staining, flow cytometry, and ELISA.

Stability of mRNA

Naive CD4+ T cells (1 X 106) were stimulated with α-TCRβ plus plate-bound anti-CD28 for 

20 h. Further Il2 transcription was blocked by addition of CsA to the cell cultures to a final 

concentration of 200 ng/ml without removal of the original stimulant. Cells were collected at 

0, 1, 2, 4, 6, and 8 h after the CsA addition. Total RNA was isolated using the RNeasy Mini 

kit (Qiagen, Venlo, Limberg, Netherlands) and reverse transcribed into cDNA using 

Superscript® III reverse transcriptase and random hexamer primers according to the 

manufacturer’s recommended protocol (Invitrogen Life Technologies). The level of Il2 
mRNA was determined by quantitative RT-PCR (qRT-PCR) following normalization to the 

T cell-specific gene, CD3δ, using the ΔΔCT method for relative quantitation with Il2 mRNA 

levels in unstimulated cells as the calibrator (38). TaqMan® probe and primers for Il2 and 

CD3δ were used (Applied Biosystems). The addition of the general inhibitor of 

transcription, actinomycin D (ActD), has previously been shown to stabilize Il2 mRNA 

degradation (39, 40). Therefore, we selected to use CsA-induced blockage of Il2 
transcription (41, 42).

The exact, non-parametric Wilcoxon-Mann-Whitney test was used to determine differences 

in mRNA at 0 h between WT and TNFR2 KO T cells, using the ΔΔCT values from qRT-

PCR. In order to determine whether Il2 mRNA degradation differed between WT and 

TNFRs, a generalized linear mixed model was used to model ΔΔCT values obtained from 

qRT-PCR for the WT and TNFR2 KO T cells (n = 4, each group). The model is of the form, 

ΔΔCtijk= µ + τi +Sij + γk +((τ)iγk) + εijk where i denotes the group (WT or TNFR2 KO), j 
denotes the mouse (j =1, 2, 3, 4, 5, 6, 7, 8), and k denotes the time (k = 0, 1, 2, 4, 6, 8). 

Miller et al. Page 6

J Immunol. Author manuscript; available in PMC 2016 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ΔΔCtijk denotes the delta delta CT value for group i of mouse j at time k, µ is the overall 

mean ΔΔCT value, τi denotes the group effect, Sij denotes the effect of mouse j in group i, γk 

denotes the effect of time k, ((τ)iγk) denotes the interaction between group i and time k, and 

εijk denotes the experimental error. An F-test was used to determine differences in the 

degradation of Il2 mRNA between the WT and TNFR2 KO T cells.

Flow Cytometry

Cells were incubated with anti-CD16/32 prior to staining in order to prevent nonspecific Ab 

capture by FcRs. Cells were then stained directly with conjugated antibodies in FACS buffer 

(PBS containing 1% FCS, 0.05% EDTA, and 0.02% sodium azide). 7-AAD and, in some 

cases, Annexin V were used to exclude dead cells and quantify cell viability. 

FACSCalibur™ (BD Biosciences) and FlowJo v8.8.7 (FlowJo Inc., Ashland, OR) software 

were used.

NF-κB and AP-1 Activity

NF-κB/Rel and JNK transcriptional activity was determined by the oligonucleotide binding 

capability of p50, p52, RelA (p65), RelB, Rel C, c-Jun, and c-Fos. The NF-κB Family EZ-

TFA® Transcription Factor Assay Chemiluminescent (EMD Millipore) and the TransAM® 

AP-1 DNA-binding kits (Active Motif, Carlsbad, CA) were used. Nuclear extracts were 

prepared, according to the manufacturer’s recommended protocols, from FACS-purified WT 

or TNFR2 KO CD4+ T cells after 2 and 40 h stimulation with plate-bound anti-TCRβ plus 

soluble anti-CD28. The Coomassie (Bradford) protein assay (Thermo Pierce, Rockford, IL) 

was used to quantify nuclear protein. Nuclear extracts (2.5 µg) were incubated with a 

biotinylated double-stranded oligonucleotide probe containing either the NF-κB/Rel 

consensus sequence, 5'-GGGACTTTCC-3', or the AP-1 consensus sequence, 5'-

TGACGTCA-3', for AP-1 on streptavidin-coated 96-well plates. Captured complexes, 

including positive control NF-κB or AP-1 proteins from Raji nuclear extracts or TNF-treated 

HeLa whole cell extracts (supplied by manufacturers), were incubated with the primary anti-

rabbit Abs, followed by horseradish peroxidase–conjugated secondary antibody and 

tetramethylbenzidine substrate. The absorbance of the colorimetric (450 nm) and 

chemiluminescence reactions were quantified using a Biotek Synergy™ 4 

spectrophotometry microplate reader. All antibodies, excluding c-Rel (Santa Cruz), were 

provided with the EZ-TFA® and TransAM® kits.

Quantitative Real-Time Reverse-Transcription Polymerase Chain Reaction

Real-time quantification of IL-17A, IL-17F, interferon-γ (IFN-γ), forkhead box P3 (FoxP3), 

RAR-RORγt, RORα, aryl hydrocarbon receptor (AHR), and aryl hydrocarbon receptor 

nuclear translocator (ARNT) was performed using SYBR® Green PCR master mix (Applied 

Biosystems, Foster City, CA) and a StepOne™ Real-Time PCR System (Life Technologies). 

Total RNA was isolated using the RNeasy Mini Kit and reverse transcribed into cDNA using 

the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and random 

hexamer primers according to the manufacturer’s instructions. Purity and concentration of 

RNA was determined by UV-spectroscopy using a NanoDrop® 1000 Spectrophotometer 

(Thermo Scientific Inc.). Target gene mRNA was determined by qRT-PCR following 

normalization to β-actin using the ΔΔCT method for relative quantitation with target gene 
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mRNA levels in unstimulated WT cells as the calibrator (38). PCR was performed using the 

following primers: The primer sets were as follows: AHR, 5′-

CTGGTTGTGACAGCAGATGCCT-3′ (forward) and 5′-

CGGTCTTCTGTATGGATGAGCTC-3′ (reverse); ARNT, 5′-

CTCACGAAGGTCGTTCATCTGC-3′ (forward) and 5′-

CCACAAAGTGAGGTTCTCCTTCC-3′ (reverse); β-actin, 5′-

ATGGTGGGAATGGGTCAGAA-3′ (forward) and 5′-CCATGTCGTCCCAGTTGGTAA-3′; 

Foxp3, 5′-CAAGGGCTCAGAACTTCTAG-3′ (forward) and 5′-

GGTTCAAGGAAGAAGAGGTG-3′ (reverse); IFN-γ, 5′-

ACTGGGAAAAGGATGGTGAC-3′ (forward) and 5′-GACCTGTGGGTTGTTGACCT-3′ 

(reverse); IL-17A, 5′-TCCAGAAGGCCCTCAGACTA-3′ (forward) and 5′-

AGCATCTTCTCGACCCTGAA-3′ (reverse); IL-17F, 5′-

CCCAGGAAGACATACTTAGAAGAAA-3′ (forward) and 5′-

CAACAGTAGCAAAGACTTGACCA-3′ (reverse); RORα, 5′-

TTGGTCGGATGTCCAAGAAG-3′ (forward) and 5′-TGGCTGAGATGTTGTAGGTG-3′ 

(reverse); RORγt, 5′-CAGTCTACATGCAGAAGTGC-3′ (forward) and 5′-

ATGTAAGTGTGTCTGCTCCG-3′ (reverse).

Statistical Analyses

Unless otherwise indicated, statistical analyses used GraphPad Instat 3 (GraphPad, La Jolla, 

CA). Differences were determined using the two-tailed Student’s t test or the non-parametric 

Wilcoxon-Mann-Whitney test. Significance was defined as reported.

Results

tmTNF, but not sTNF, promotes Il2 transcription during CD4+ T cell priming

We previously showed a lower frequency of IL-2 producing CD4+ T cells in TNFR1/2 

double KO mice (14). To directly study T cell-intrinsic TNFR1 and TNFR2 on Il2 
transcription, we now utilize Il2-GFP reporter mice (25). These mice were originally 

generated by replacing the Il2 gene with a single copy of a cDNA encoding GFP and 

subsequently bred onto the B10.A 5C.C7 TCR Rag2−/− background (14). The gfp transcripts 

in these transgenic mice lack the UA-rich sequence instability elements that normally reside 

in the 3'-untranslated region (UTR) (43). In addition, GFP has a considerably longer half-life 

than Il2. Therefore, this genetic model provides an ideal system to study the role of TNFR 

on Il2 promoter activity. In an initial set of experiments, single cell suspensions, comprised 

of greater than 90% CD4+ T cells, from pooled lymph nodes isolated from homozygous Il2-

GFP-reporter (IL-2−/−) mice, were activated with plate-bound anti-TCRβ plus anti-CD28 in 

the presence or absence of increasing concentrations (0 – 300 ng/ml) of recombinant sTNF 

(Fig. 1). Under these conditions, approximately 75% of all CD4+ T cells transcribed the Il2 
gene as reflected by GFP expression. The addition of exogenous sTNF to the cell cultures 

did not influence Il2 promoter activity as determined by the time of onset of GFP 

expression, the frequency of IL-2 producers, and the mean fluorescence intensity (MFI) by 

individual IL-2 producers (Fig. 1A). Although slight shifts in the frequency and MFI of 

GFP+ CD4+ T cells were observed at the later times following TNF treatment, these effects 

were without dose-response or statistical significance (p > 0.05) (Fig. 1A). Given that CD4+ 
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T cells up-regulate TNFR1 and TNFR2 following activation (14), we next determined 

whether the addition of exogenous TNF subsequent to, rather than at the time of, T cell 

activation was more effective in promoting Il2 promoter activity. Accordingly, the first set of 

experiments were repeated, except sTNF was added 24 h following T cell activation, 

coinciding with elevated surface TNFR2 expression on CD4+ T cells (14). Cells were 

collected 64 h after stimulation. Similar to the first set of experiments, no change in IL-2 

production in response to sTNF was observed (Fig. 1B). Increased NO production in splenic 

cultures validated bioactivity of the sTNF in our culture conditions (Fig. 1C). In contrast to 

the splenocyte cultures, little NO was produced by lymph node cultures (Fig. 1C). These 

results are consistent with previous reports demonstrating NO production in spleens but not 

lymph nodes (44).

Whereas tmTNF preferentially binds to TNFR2, sTNF mostly bind to TNFR1. Further, these 

two TNF receptors activate distinct downstream signaling cascades. To test the hypothesis 

that tmTNF, but not sTNF, selectively co-stimulates Il2 expression in CD4+ T cells, we 

crossed memTNFΔ1–12 mice, encoding an uncleavable tmTNF (27), with Foxp3-GFP mice 

(28) to generate tmTNF Foxp3-GFP reporter (tmTNF) mice. These tmTNF mice were then 

bred onto the MOG35–55-specific 2D2 TCR background to provide an Ag-specific model to 

assess the role of tmTNF on IL-2 production. The percentage of FoxP3− CD4+ T cells in LN 

(p < 0.05) and SPLN (p < 0.001) were reduced in tmTNF mice relative to age- and gender-

matched WT cohorts. The frequencies of LN and mesenteric LN (MLN), but not SPLN, 

FoxP3+ CD4+ Tregs were also reduced in tmTNF mice compared to WT mice (p < 0.05) 

(Fig. 1D). In contrast to CD4+ T cells, the frequency of MLN and SPLN, but not LN, CD8+ 

T cells were lower in tmTNF compared to WT mice (p < 0.05) (Fig. 1D). These changes 

coincided with a decrease in the total number of FoxP3− CD4+ T cells in the spleen (p < 

0.05), as well as, the total number of FoxP3+ CD4+ Tregs in the spleen and MLN (p < 0.05). 

The number of MLN or SPLN CD8+ T cells did not differ between WT and tmTNF mice (p 
> 0.05) (Fig. 1E). Collectively, these observations indicate that selective blockade of sTNF is 

sufficient to perturb T cell homeostasis, including Treg cells, in secondary lymphoid organs, 

but does not induce overt inflammation or spontaneous autoimmunity.

To determine whether CD4+ T cell-intrinsic tmTNF plays a regulatory role in IL-2 

production, naive CD4+ CD45RbHi Foxp3-GFP− T cells from 2D2 WT or tmTNF mice were 

FACS-purified and activated with MOG35–55 in the presence of irradiated T cell-depleted 

WT C57BL/6J splenocytes. IL-2 secretion was quantified by ELISA at time points up to 72 

h. CD4+ T cells from tmTNF mice produced more IL-2 (Fig. 1F) and expressed more cell 

surface TNF (Fig. 1G), but not TNFR2 (Fig. 1H) relative to WT CD4+ T cells. CD69 

expression did not differ between WT and tmTNF CD4+ T cells (p > 0.05) to imply that 

increased production of IL-2 did not positively correlate with TCR signaling (Fig. 1I). The 

absence of sTNF secretion by tmTNF CD4+ T cells following T cell activation was 

confirmed by ELISA (data not shown).

To further investigate differential regulation of IL-2 production by sTNF and tmTNF, 5C.C7 

Il2-GFP+/− (Il2+/−) mice were administered (subQ) XPro™1595 (10 µg/g) or TNFR2:Fc 

(etanercept; 10 µg/g) prior to immunization in order to pharmacologically block sTNF or 

total TNF, respectively. CD4+ T cells were collected from the draining LN and spleens 24 h 

Miller et al. Page 9

J Immunol. Author manuscript; available in PMC 2016 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



following immunization with MCC (300 µg) and LPS (10 µg). Viable CD4+ T cells were 

gated to analyze IL-2-GFP and cell surface CD69 expression by flow cytometry (Fig. 2A). 

The percentage of IL-2 producing CD4+ T cells was reduced following total, but not soluble, 

TNF blockade (p < 0.05) (Fig. 2B). Neither of the TNF blocking treatments inhibited the 

magnitude of IL-2 production per cell as determined by Il2-GFP MFI levels (p > 0.05) (Fig. 

2C). Despite normal levels of IL-2 production, CD25 expression on CD4+-gated cells was 

reduced by both total TNF and sTNF-selective blockade (p < 0.05) (Fig. 2D). CD4+ T cell 

expression of CD69 also was unaffected by TNF blockade (p > 0.05) (Fig. 2E). Inhibition of 

IL-2 production by TNFR2:Fc, but not XPro™1595, was further revealed by reduced 

circulating levels of IL-2 (Fig. 2F). Overall, these studies suggest that tmTNF, but not sTNF, 

promotes IL-2 production. These observations are consistent with a model whereby tmTNF/

TNFR2 provides a third signal to co-stimulate Il2 promoter activity.

TNFR2, but not TNFR1, augments Il2 promoter activity during the priming of CD4+ T cells

Transmembrane TNF is more effective in activating TNFR2 than sTNF (16, 17, 45). TNFR1 

and TNFR2 activate distinct, albeit sometimes convergent, downstream signaling (17). 

Therefore, we evaluated the role for these two TNF receptors on Il2 transcription. New 

mouse models were first generated by crossing 5C.C7 Il2-GFP mice to 5C.C7 TNFR1/2 

dKO mice to generate Ag-specific Il2-GFP mice that were deficient for either TNFR1 and/or 

TNFR2 as described in Materials and Methods. Lymphocytes (>90% Vβ3+ CD4+ T cells) 

from the lymph nodes or spleens of Il2-GFP (WT), TNFR1 KO Il2-GFP (referred to as 

TNFR1 KO), TNFR2 KO Il2-GFP (TNFR2 KO), or TNFR1/2 dKO Il2-GFP (referred to as 

TNFR dKO) mice were stimulated with increasing concentrations of MCC88–103 (Fig. 3). 

Mice that are homozygous for the GFP allele do not transcribe Il2 mRNA (25). Further, IL-2 

signaling may indirectly impact GFP expression. Therefore, for these studies, homozygous 

and heterozygous Il2-GFP mice were compared. The frequency of IL-2 producers (% CD4+ 

Il2-GFP+) (Fig. 3A) and the magnitude of Il2 transcription (Il2-GFP MFI of the CD4+ Il2-

GFP+ cells) (Fig. 3B) were quantified by flow cytometry from 7-AAD− CD4+-gated cells. 

These studies revealed similar Il2 promoter activity in GFP homozygous and heterozygous 

WT mice, suggesting IL-2 receptor signaling-independence Il2 promoter activity. The reason 

for the decline in GFP MFI after 48 h is not completely clear; however, cell division and 

GFP degradation are possible contributory factors. In comparing homozygous and 

heterozygous Il2-GFP cells at 48 h, the MFI of homozygous Il2-GFP producers (Fig. 3B, top 
panel) differed from heterozygous Il2-GFP cells (Fig. 3B, bottom panel) at the highest Ag 

dose (p < 0.05). Neither the absence of Il2 promoter activity in unstimulated T cells, nor the 

rate of onset of Il2 induction in response to T cell activation, were markedly affected by 

TNFR1 or TNFR2 deficiency. Moreover, consistent with the two-step quantitative biallelic 

model of Il2 promoter activity (14, 46), the number of IL-2 producers was equivalent for 

homozygous and heterozygous Il2-GFP mice. However, in contrast to heterozygous cells, 

the MFI of individual cells with two GFP alleles increased with strength of Ag stimulation. 

A combination of suboptimal T cell stimulation, delayed kinetics of GFP production (14), 

and cell division are possible contributors to a <2-fold increase in GFP MFI in homozygous 

versus heterozygous CD4+ Il2-GFP+ T cells.
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Comparison of TNFR sufficient (WT) CD4+ T cells with TNFR1 KO, TNFR2 KO, and 

TNFR1/2 dKO CD4+ T cells identified TNFR2, but not TNFR1, as a major contributor to 

IL-2 production (Fig. 3C). Regardless of the Ag strength, TNFR2 KO cells yielded nearly 

1.8 to 1.9 –fold fewer IL-2 producers relative to WT cells (p < 0.05). Although the 

deficiency of TNFR1 alone resulted in a modest reduction (p > 0.05) of IL-2 producers at 

the early 24 h time point, regulation by TNFR1 was not evident at later time points during 

maximal IL-2 production (Fig. 3C). In contrast to TNF blockade in vivo, Il2-GFP was 

reduced in TNFR2 KO and TNFR1/2 dKO CD4+ T cells following 1 µM, but not 10 µM or 

0.1 µM, MCC stimulation (Fig. 3D). Together, these studies identify TNFR2 as a regulator 

of Il2 transcription in CD4+ T cells.

CD4+ T cell-intrinsic TNFR2 augments IL-2 production

It is plausible that TNFR2 ligands, including TNF-α, LT-α, and PGRN, bind to TNF 

receptors located on non-T cells to promote IL-2 production (47–49). Therefore, we asked 

whether TNFR2 functions in a CD4+ T cell-intrinsic manner to regulate Il2 promoter 

activity. For these experiments, FACS-purified naive CD4+ T cells from LNs or spleens of 

WT or TNFR2 KO 5C.C7 Il2-GFP+/− mice were stimulated with anti-TCRβ and anti-CD28. 

The frequency of IL-2 producers (CD4+ GFP+ T cells) was similar between WT LN (60.3% 

± 3.87, mean ± SEM) and WT SPLN (66.1% ± 8.75, mean ± SEM) (p > 0.05) (Fig. 3E, 

middle panel), but reduced in TNFR2 KO CD4+ T cells (Fig. 3E, right panel) (p < 0.001). 

ELISA assays further revealed reduced IL-2 protein secretion by TNFR2 KO CD4+ T cells 

compared to WT cells (Fig. 3F). Cell survival, as determined by 7-AAD and Annexin V, 

staining did not differ between WT and TNFR2 KO T cells (data not shown). Collectively, 

these results suggest that CD4+ T cell intrinsic TNFR2, but TNFR1, signaling contributes to 

maximal Il2 promoter activity.

TNF receptor signaling in CD4+ T cells: A role for NF-κB

Although the integration of signaling cascades controlling Il2 induction remains enigmatic, 

NF-κB/Rel and JNK protein binding has been mapped to the first 300-bp minimal essential 

regulatory region of the Il2 promoter (14, 50–52). NF-κB and JNK cascades are activated 

downstream of TNFR2 activation and impaired c-Rel binding at the proximal Il2 promoter 

has been reported for TNFR1/2 dKO T cells (14). Therefore, we postulated that TNFR1 and 

TNFR2 may regulate different NF-κB/Rel and JNK signaling pathways in CD4+ T cells. To 

assess NF-κB/Rel activity, the binding of RelA (p65), RelB, c-Rel, p50 (NF-κB1), and p52 

(NF-κB2) to the κB consensus oligonucleotide, 5'-GGGACTTTCC-3', was determined. In a 

similar manner, JNK/MAPK activity, was determined by recruitment of c-Fos and c-Jun to 

the AP-1 consensus sequence, 5'-TGACGTCA-3. For these studies, FACS-purified CD62Hi 

CD44Lo CD4+ T cells (purity > 96%) from 5C.C7 WT, TNFR1 KO, and TNFR2 KO mice 

were stimulated with anti-TCRβ plus anti-CD28 (14). Prior to T cell stimulation, constitutive 

NF-κB and AP-1 DNA binding did not differ between WT, TNFR1 KO, and TNFR2 KO T 

cells (Figs. 4A and 4B). In all cases, except for c-Rel and p52 in TNFR2 KO T cells, DNA 

binding increased following T cell stimulation (Fig. 4B). Although DNA binding of RelA 

increased following T cell stimulation in all three cell types, the magnitude of binding was 

substantially reduced in TNFR2 KO cells compared to WT and TNFR1 KO T cells (p < 

0.05). These observations are consistent with our previous results showing impaired c-Rel 
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binding to the proximal Il2 promoter in TNFR1/2 dKO T cells (14). Together, these results 

suggest that TNFR2 signaling activates canonical and noncanonical NF-κB pathways to 

promote Il2 induction in CD4+ T cells.

CD4+ T cell-intrinsic TNFR2 controls the stability of Il2 mRNA

In activated CD4+ T cells, transcriptional mechanisms operate in parallel with post-

transcriptional mRNA stabilization to control IL-2 production. JNK pathways target 3′- and 

5′- UTRs of the Il2 locus to control Il2 mRNA turnover (53). Therefore, we next determined 

whether TNFR2 regulates Il2 mRNA stability. For these studies, naive WT or 5C.C7 TNFR2 

KO CD4+ T cells were stimulated with anti-TCRβ plus anti-CD28 for 20 h. Further 

transcription was blocked by the addition of CsA, a pharmacological inhibitor of the Ca2+-

sensitive phosphatase, calcinuerin, and Il2 mRNA levels were determined over time by qRT-

PCR. T cell activation resulted in a 1.63-fold increase in steady-state Il2 mRNA in WT, 

compared to TNFR2 KO, T cells prior to the addition of CsA. After blocking transcription, 

the decay of steady-state Il2 mRNA was more prominent in TNFR2 KO T cells (T½ = 19 

min, 48 sec) then WT T cells (T½ = 28 min, 33 sec) (Fig. 4C). Overall, these results reveal 

that T cell-intrinsic TNFR2 signaling controls IL-2 production through transcriptional and 

post-transcriptional mechanisms.

Regulation of in vivo IL-2 production by TNFR2

To further study regulation of Il2 promoter activity in vivo, WT or TNFR2 KO Il2-GFP+/− 

mice were immunized with MCC plus LPS, a potent activator of TNF. Both naive WT and 

TNFR2 KO CD4+ T cells required stimulation for Il2 transcription to occur (Fig. 5A). At 8 

h, 33 ± 5% (mean ± SEM) of SPLN and 21 + 2% of LN CD4+ T cells from WT mice 

expressed GFP and this was lessened in TNFR2 KO T cells (p < 0.05). By 36 h, the 

frequency of Il2-GFP-expressing CD4+ T cells declined in the WT mice (19 ± 2%, SPLN; 

16 ± 2%, LN) and this reduction was even greater in the TNFR 2 KO mice (12 ± 1%, SPLN; 

8 ± 1%, LN) (p < 0.001). Similar to the in vitro experiments, TNFR2 deficiency did not alter 

the MFI of the GFP positive cells (Fig. 5A). The reduced frequency of Il2-GFP positive cells 

in the TNFR2 KO mice compared with WT mice did not correlate to a change in the number 

of CD4+ T cells (data not shown) or robustness of stimulation through the TCR as 

determined by CD69 expression (Fig. 5B). In fact, CD69 expression following T cell 

activation was enhanced in the TNFR2 KO T cells relative to WT T cells (Fig. 5B). CD69 

expression did not differ (p > 0.05) between WT and TNFR2 KO CD4+ T cells prior to T 

cell activation (data not shown). While most commonly viewed as a stimulatory molecule 

that is expressed upon T cell activation, CD69 may also participate in feedback suppression 

of an immune response through the upregulation of transforming growth factor-β (TGF-β). 

TGF-β can inhibit IL-2 production (54). Furthermore, TNF antagonizes TGF-β signaling 

(55) and TNFR2 regulates Il2 expression in a CD4+ T cell autonomous manner. However, in 

our studies here, TGF-β1-latency-associated peptide (LAP) expression did not differ 

between TNFR2 KO and WT CD4+ T cells. These results are consistent with a T cell-

intrinsic TGF-β-independent mechanism for suppression of IL-2 production in TNFR2 KO T 

cells. Additional surface molecules, that are also upregulated by NF-κB signaling and co-

stimulate IL-2 production, were also examined (Fig. 6B – 6E). These studies revealed 

decreased expression of CD25, CD26, and CD28 by LN, but not splenic, TNFR2 KO T cells 
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in comparison to WT T cells. Interestingly, elevated LAP expression by splenic T cells 

correlated with decreased CD25, CD26, and ICOS expression. Taken together, these data 

imply that TNFR2 deficiency is sufficient to disrupt Il2 promoter activity. These results 

further suggest possible regulatory crosstalk between T cell intrinsic TGF-β and TNFR2 on 

CD25, CD26, CD28, and ICOS expression in activated CD4+ T cells. It remains to be 

determined whether TNFR2 directly or indirectly regulates Il2 induction through modulation 

of these, or other, co-stimulatory molecule.

Impaired Il2 expression in TNFR2 KO CD4+ T cells promotes IL-17 production

IL-2 inhibits the generation of TH17 cells, which secrete IL-17 and express the transcription 

factor ROR-γt (37, 56). Therefore we asked whether the deficiency of IL-2 production in 

TNFR2 KO CD4+ T cells was reciprocated by increased IL-17 production. For these 

experiments, CD4+ T cells (1 X 106) from WT or TNFR2 KO 5C.C7 TCR Il2-GFP+/− 

(Il2+/−) or Il2-GFP+/− (Il2+/−) donors were adoptively transferred to B10.A Rag2−/− recipient 

mice. Four days after immunization of the recipient mice with MCC emulsified in CFA, 

CD4+ T cells were isolated from draining lymph nodes and spleens and re-stimulated in 
vitro with PMA and ionomycin. IL-17 and IFN-γ protein secretion were determined from 

culture supernatants by ELISA. In support of our hypothesis, CD4+ T cells from TNFR2 

Il2+/− mice had a marked increase in IL-17 production compared to WT Il2+/− cells (p < 

0.05) (Fig. 7A). The increase in IL-17 production by TNFR2 KO Il2+/− T cells inversely 

correlated with reduced IFN-γ production compared to WT Il2+/− cells (p < 0.05) (Fig. 7B). 

To more clearly determine whether IL-2 was responsible for the impaired IL-17 production, 

we compared the differentiation of naïve CD4+ T cells from WT and TNFR2 KO Il2−/− 

mice. In contrast to CD4+ T cells from TNFR2 KO Il2+/− mice, T cells from TNFR2 KO 

Il2−/− mice did not produce increased amounts of IL-17. Instead IL-17 production by 

TNFR2 KO Il2−/− T cells was reduced compared to WT Il2−/− T cells (Fig. 7A). In contrast 

to the TNFR2 KO Il2+/− T cells, reduced IL-17 production by TNFR2 KO Il2−/− T cells was 

not associated with increased IFN-γ production compared to WT Il2−/− CD4+ T cells (Fig. 

7B). IL-2 was hardly detectable in supernatants of IL-2+/− cells following re-stimulation and 

was not detected in IL-2−/− cultures (data not shown). Overall, these results suggest that 

tmTNF and TNFR2, but not sTNF or TNFR1, negatively regulate TH17 differentiation, at 

least in part, through IL-2-dependent mechanisms. To further test our hypothesis that 

TNFR2 co-stimulation negatively regulates TH17 differentiation, we investigated IL-17 

production following TNFR2 blockade in WT mice. For these studies, B10.A Rag2−/− 

recipients were pretreated with TNFR2:Fc (10 µg/g) or XPro™1595 (10 µg/g) to block total 

TNF or only sTNF, respectively. Following adoptive transfer of naïve WT or TNFR2 KO 

Il2+/− CD4+ T cells, the recipients were immunized with MCC emulsified in CFA (Fig. 7C). 

Four days later, CD4+ T cells were isolated from the spleens and draining LNs and 

restimulated in vitro. As expected, TNFR2:Fc treatment augmented IL-17 production; 

whereas, blockade by XPro™1595 reflected an overexpression of non-cleavable TNF in 

transgenic mice (Fig. 7D). In contrast neither TNF blocking treatment markedly altered IFN-

γ production upon re-stimulation (p > 0.05) (Fig. 7E).

To extend our in vivo studies, we explored a causal relationship between impaired IL-2 

production and TH17 development in response toTNFR2 blockade by determining whether 
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increased IL-17 production in TNFR2 KO CD4+ T cells was reversed with addition of 

exogenous IL-2. For these studies, naive CD4+ T cells isolated from 5C.C7 Il2+/−, Il2−/−, 

TNFR2 KO Il2+/−, or TNFR2 KO Il2−/− mice were stimulated for 4 d with plate-bound anti-

TCRβ and anti-CD28 under TH17-polarizing conditions (TGF-β1, IL-6, α-IFN-γ, and α-

IL-4) in the presence or absence of exogenous IL-2 (100 U). Consistent with previous 

reports, cell surface expression of TNFR2 was upregulated on live-gated CD4+ T cells 

cultured under TH0 conditions (α-TCRβ + α-CD28) but the magnitude of TNFR2 expression 

was markedly elevated on cells cultured under TH17 conditions (Fig. 7F). Neither genetic Il2 
deficiency nor addition of exogenous IL-2 affected the frequency of CD4+ T cells that 

upregulated TNFR2. The MFI of TNFR2 expression was also unaffected. These results 

reveal that, in addition to CD4+ FoxP3 Tregs (57), TNFR2 is also highly expressed by TH17 

cells. Further, the regulation of TNFR2 on TH17 cells does not appear to be influenced by T 

cell intrinsic or extrinsic IL-2. As expected, the amount of IL-2 produced by TNFR2 KO 

CD4+ T cells was greatly reduced compared to WT T cells stimulated under TH0 culture 

conditions. In comparison, neither WT nor TNFR2 KO T cells produced very much IL-2 

when cultured under optimal TH17 conditions (Fig. 7G).

As shown in Fig. 7H, the generation of IL-17 under TH17 polarizing conditions in vitro was 

enhanced by deficiency of either IL-2 or TNFR2 (p < 0.05) but not by the combined 

deficiency of both IL-2 and TNFR2. Supplementation of the TH17 polarized cultures with 

IL-2 greatly reduced IL-17 production by WT Il2+/−, WT Il2−/−, and TNFR2 KO Il2+/− 

CD4+ T cells. In contrast to TH17 conditions, cells cultured under TH0 conditions yielded 

limited IL-17. Impaired IL-17 production by addition of IL-2 under TH17 polarizing 

conditions associated with increased IFN-γ production by WT, but not TNFR2 KO, CD4+ T 

cells. These in vitro results corroborate increased TH17 differentiation with TNFR2 

deficiency in vivo. Consistent with these observations, when cultured under TH17 polarizing 

conditions in the absence of IL-2, TNFR2 KO CD4+ T cells expressed elevated steady-state 

Il17A and Il17F mRNA compared to WT T cells (Fig. 7I). Conversely, the addition of IL-2 

during TH17 polarization suppressed Il17A and Il17F mRNA in both WT and TNFR2 KO T 

cells and elevated Foxp3 mRNA in WT T cells. Consistent with our earlier observation of 

impaired IFN-γ secretion by TNFR2 KO T cells, the induction of IFN-γ mRNA by TNFR2 

KO CD4+ T cells was reduced compared to WT T cells cultured under TH0 conditions (p < 

0.05). Collectively, these results suggest that TNFR2 blockade promotes TH17 differentiation 

independently of FoxP3 or IFN-γ.

TNFR2 targets ROR-γt expression and tyrosine phosphorylation of STAT3 and STAT5 to 
modulate TH17 differentiation

Although ROR-γt orchestrates TH17 differentiation, other transcription factors, including 

RORα and AHR, also regulate Il17 promoter activity (58, 59). We compared the expression 

of these transcription factors in WT and TNFR2 KO CD4+ T cells cultured under TH0 and 

TH17 polarizing conditions in the absence or presence of IL-2. The expression of Rorγt, 
Rora, and Ahr were elevated by TH17 conditions for both WT and TNFR2 KO T cells, and 

uniquely, Rorγt mRNA was more highly expressed in TNFR2 KO CD4+ T cells compared to 

WT T cells (Fig. 8A). In contrast, the expression of ARNT, a binding partner for AHR, was 

comparable between WT and TNFR2 KO CD4+ T cells, and unaffected by TH17 polarization 
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or the addition of IL-2. IL-2 substantially inhibited Rorγt and Rora, but not Ahr, in TNFR2 

KO but not WT CD4+ T cells. Collectively, these results suggest that ROR-γt may contribute 

to the increased IL-17 production observed in the TNFR2 KO CD4+ T cells.

The relative balance of STAT3 and STAT5 activity is a key determinant for Il17 promoter 

activity. Therefore we assessed tyrosine-phosphorylation (pY) of STAT5 and STAT3. WT 

and TNFR2 KO T cells were stimulated under TH17-polarizing conditions with or without 

the addition of IL-2 and compared these results to cells stimulated under TH0 culture 

conditions (Fig. 8B). Under TH0 conditions, the frequency of CD4+ T cells expressing 

elevated levels of pY-STAT5 was unaffected, however, IL-2 and TNFR2 deficiency each 

reduced pY-STAT5 MFI and this was not exacerbated in TNFR2 KO Il2−/− T cells. In 

comparison, the frequency of cells expressing elevated levels of pY-STAT3 was reduced in 

the TNFR2 KO Il2−/− T cells compared to Il2+/− T cells and pY-STAT3 MFI was unaffected. 

Under TH17 conditions, the frequency of pY-STAT5 expressing cells and pY-STAT5 MFI 

was reduced by IL-2 or TNFR2 deficiency (again, this was not exacerbated in TNFR2 KO 

Il2−/− T cells) and this was reversed by the addition of IL-2, except for TNFR2 KO Il2−/− T 

cells. In comparison, under TH17 conditions, the frequency of pY-STAT3 expressing cells 

was increased by the absence of IL-2 or TNFR2, but not by a combined deficiency of both 

IL-2 and TNFR2, and this was reversed by the addition of IL-2. Together these data show 

altered expression of ROR-γt, STAT3, and STAT5 in TNFR2 KO CD4+ T cells.

Discussion

In this study, we show that CD4+ T cell intrinsic tmTNF/TNFR2 promotes Il2 expression to 

fine tune the proportion of IL-2 producing CD4+ T cells. Further, under TH17 polarizing 

conditions, TNFR2 blockade is sufficient to promote TH17 differentiation and this can be 

prevented by the addition of exogenous IL-2. Overall, we conclude that tmTNF activation of 

TNFR2 expressed on CD4+ T cells stimulates Il2 expression and Il2 mRNA stability. During 

TH17 differentiation, TNFR2 is increased. When tmTNF/TNFR2 signaling is blocked or 

impaired, TH17 differentiation is promoted, and IL-17 activates STAT3 and STAT6 (Fig. 8C). 

We propose that decreased STAT5 activity, in concert with increased STAT3 activity, is at 

least one mechanism by which TNFR2 blockade promotes TH17 development. Our findings 

are consistent with previous reports demonstrating displaced STAT3 binding at the Il17a–

Il17f locus by IL-2/IL-2R signaling (56,60,61). Our findings contrast a previous report 

suggesting that TNF promotes TH17 differentiation (23). In these earlier studies, cell cultures 

were supplemented with a combination of TNF and IL-1β. The individual contribution of 

TNF or IL-1β were not studied. IL-1β has since been shown to promote TH17 differentiation 

by suppressing Socs3, an inhibitor of STAT3 (62). It remains to be determined whether 

IL-1β was, in fact, the key promoter of TH17 differentiation in the earlier studies.

In mice, the transcription factors ROR-γt, ROR-α, and AHR are important regulators of 

IL-17 producing TH17 cells. During TH17 differentiation, Rorγt expression is upregulated in 

TNFR2 KO T cells, but Ahr and Rorα are not. Therefore, it is not likely that either AHR or 

ROR-α, by themselves, cause the difference in IL-17 production between WT and TNFR2 

KO T cells. CD4+ CD25+ FoxP3+ Tregs have also been demonstrated to promote TH17 

differentiation through the consumption of IL-2 (37). However, Foxp3 expression is 
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decreased in TNFR2 KO T cells. Therefore, IL-17 production in response to TNFR2 

blockade appears to be Treg-independent. Overall, our observations are consistent with an 

increasing number of studies demonstrating immune modulation by TNF. There is little 

doubt that TNF plays a major role in the pathogenesis of autoimmune disorders, yet anti-

TNF therapies remain unpredictable. For example, etanercept, a TNF antagonist, often 

triggers an unexpected onset or exacerbation of CNS demyelinating autoimmune disorders 

in patients with inflammatory bowel disease or rheumatoid arthritis (63). TNFR2 and IL-2 

both promote the expansion of Tregs, a promising therapy for multiple disorders, including 

cancer, autoimmunity, and transplant rejection (11, 61, 64, 65). Therefore, strategies aimed 

to mimic the stimulatory actions of TNFR2 on Il2 expression while bypassing its cytotoxic 

effects have therapeutic potential.

Although naïve and previously-activated CD4+ cells respond very differently to TNF, little is 

known about TNFR1 or TNFR2 signaling cascades in these cells upon T cell activation. We 

now establish that TNFR2, but not TNFR1, promotes Il2 promoter activity and Il2 mRNA 

stability to increase IL-2 production. These observations are consistent with previous reports 

of impaired IL-2 production in TNFR1/2 dKO mice and reduced IL-2 production by 

TNFR2−/− CD8+ T cells (12–14). So, why the divergence between TNFR1 and TNFR2 

signaling? One possibility is ligand specificity for receptor activation. sTNF activity is 

largely restricted to TNFR1 while tmTNF preferentially activates TNFR2. While our results 

suggest tmTNF/TNFR2 interactions, other TNFR2 ligands, including lymphotoxin-α (LT, 

LTα3, TNFβ) and membrane-bound LTα1β2 have been described (66, 67). In contrast to 

LTα1β2, which binds to a distinct receptor LTβR (68), secreted LTα3 binds to both TNFR1 

and TNFR2. Although, not without controversy, the growth factor PGRN has also been 

proposed to bind TNFR2 (49, 69). Although TNF and TNFR2 are highly expressed by TH17 

cells, not much is known about the production and function of these alternative TNFR2 

ligands in TH17 cells. Therefore, it is not possible to exclude the possibility that alternative 

TNFR2 ligands contribute to the regulation of IL-2.

A second possibility involves receptor density. TNFR2, not TNFR1, is the predominant TNF 

receptor that is upregulation upon activation of naïve CD4+ T cells under TH0 and TH17 

conditions (14). An alternative possibility is that TNFR1 and TNFR2 simply regulate 

different downstream signaling cascades, as reported in other cell types. It is not completely 

clear whether the failure of sTNF to modulate Il2 expression is due to low receptor density 

or to a signaling cascade that is distinct from tmTNF. We have considered the possibility that 

decreased Il2 expression in TNFR2 KO T cells is consequential to elevated TNFR1 

signaling as a result of increased ligand availability as opposed to a loss of stimulatory 

TNFR2 signaling. However, this is in contrast to our observation that Il2 expression in 

TNFR2 KO T cells parallels Il2 expression in TNFR1/2 dKO T cells. If TNFR1 contributed 

to the silencing of the Il2 promoter, we would have expected even less Il2 expression in 

TNFR2 KO T cells compared to TNFR1/2 dKO T cells. Surprisingly few studies have 

addressed signal transduction through TNFR1 and TNFR2 in CD4+ T cells. In principal, 

activation of TNFR1 rapidly recruits adapter molecules TRADD, RIP1, and TRAF2 (70) to 

initiate a cascade of phosphorylation and ubiquitination events that activate MAPK and 

NFκB/Rel pathways to induce the expression of pro-inflammatory and anti-apoptotic 

survival genes. In contrast, TNFR2 recruits TRAF2 to activate NF-κB/Rel and MAPK 
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pathways. Upon CD4+ T cell activation, NF-κB/Rel proteins, normally sequestered within 

the cytoplasm, translocate into the nucleus following the degradation of inhibitory proteins 

to activate canonical and noncanonical NF-κB/Rel signaling. The importance of NF-κB and 

MAPK in Il2 expression is well established (51). Our present data, acquired from 

oligonucleotide DNA binding, associate silencing of the Il2 promoter in TNFR2 KO CD4+ T 

cells with reduced cRel and p52 DNA binding. Similar changes were not evident in the 

TNFR1 KO CD4+ T cells to suggest receptor signaling specificity.

Overall, we propose that canonical and noncanonical NF-κB signaling participate in the 

regulation of Il2 expression by TNFR2. Our data are consistent with a requirement for 

cytokine-dependent degradation of cytosolic IκBβ to permit c-Rel nuclear translocation (71, 

72), as well as, a requirement of c-Rel for chromatin remodeling of the Il2 locus (52). Future 

studies will address epigenetic modifications associated with silencing of the Il2 promoter in 

response to TNFR2 deficiency. Similar to other cytokines, Il2 expression is also regulated by 

post-transcriptional mRNA stabilization. The ability of TNFR2 to regulate Il2 stability is 

consistent with NF-κB- and JNK-dependent recruitment of AU-binding proteins (AUBPs) to 

AU-rich elements (AREs) located within the 3’ UTR, 5’ UTR, and coding region of the Il2 
gene (40, 53). The precise signaling pathways by which TNFR2 regulates IL-2 expression 

remain important areas for future studies. Importantly, not all members of the superfamily of 

TNF receptors regulate IL-2 production (73), thus potentially making TNFR2 the critical 

signaling pathway necessary to achieve the threshold level of NF-κB activity required for Il2 
promoter activity.

In characterizing the tmTNF KI FoxP3-GFP reporter mice, we observed fewer CD4+ 

FoxP3+ T cells in the spleen and MLN but not pooled cervical, axillary, brachial, and 

inguinal lymph nodes of tmTNF mice relative to WT C57BL/6 mice. These observations are 

consistent with previous studies suggesting that the actions of sTNF and tmTNF on immune 

homeostasis differ between secondary lymphoid organs (74). For example, sTNF, but not 

tmTNF, produced by B cells, and not T cells, is critical for secondary lymphoid organ 

organization (75). Moreover, B cells are the main producers of TNF in the spleen, whereas T 

cells generate the majority of TNF in the lymph nodes (75). Our results in the tmTNF mice 

suggest that sTNF plays a role in maintaining CD4+ Tregs in the spleen and MLNs. TNF has 

also been implicated in lymphocyte migration (74, 76), therefore dysregulated T cell 

trafficking may have also contributed to the observed organ-specific lymphocyte changes. 

Taken together, we identify CD4+ T cell intrinsic TNFR2 as an important regulator of IL-2 

production to sustain IL-17 production independent of Tregs. As such, use of non-selective 

anti-TNF therapeutics may potentiate unwanted TH17-mediated inflammation.
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Abbreviations used in this article

7-AAD 7-amino actinomycin D

ActD actinomycin D

AHR aryl hydrocarbon receptor

APC Allophycocyanin

ARE AU-rich elements

ARNT aryl hydrocarbon receptor nuclear translocator

AUBP AU-binding proteins

cRPMI complete RPMI

CT Comparative threshold

CsA cyclosporin A

dKO double knockout

DN-TNF dominant-negative TNF

FoxP3 Forkhead box P3

IBD Inflammatory bowel disease

KO knockout

LAP latency-associated peptide

LN lymph node

LTα Lymphotoxin alpha

MCC moth cytochrome c

MFI mean fluorescence intensity

MLN mesenteric lymph node

MOG myelin oligodendrocyte glycoprotein

NaNO2 sodium nitrite

NO2 nitrite

PCC pigeon cytochrome c

pY tyrosine-phosphorylation

qRT-PCR quantitative RT-PCR

RA rheumatoid arthritis

RAR retinoic acid receptor

RE response element

ROR related orphan receptor

Miller et al. Page 18

J Immunol. Author manuscript; available in PMC 2016 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SPLN spleen

sTNF soluble TNF

TACE TNF converting enzyme

Tg transgenic

tmTNF transmembrane TNF

TNFR TNF Receptor

TRAF TNF Receptor Associated Factor

Tregs T regulatory cells

UTR untranslated region

WT wild type
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FIGURE 1. Increased IL-2 production by CD4+ T cells in response to tmTNF but not sTNF
(A) The addition of sTNF during primary activation did not alter the frequency of IL-2 

producers or the magnitude of Il2 promoter activity in Vβ3+ CD4+ 7-AAD−-gated T cells 

from B10.A 5C.C7 TCR Tg Il2-GFP homozygous (Il2−/−) reporter mice. Freshly isolated 

LN cells (1 X 106 c/ml; 200 µl/well; > 90% Vβ3+ CD4+ T cells) were stimulated with plate-

bound anti-TCRβ plus soluble anti-CD28 supplemented with increasing concentrations of 

sTNF (0, 3, 10, 30, 100, or 300 ng/ml) for 12, 24, 36, 48, 60 and 72 h. TNF was added 

directly to the cell cultures at the time of activation. (B) The experiments in A were 

repeated, except sTNF (0, 10, or 100 ng/ml) was added to the cell cultures 24 h after the T 

cells were stimulated; the cells were harvested 36 h thereafter and stained for CD4 and Vβ3; 

7-AAD Vβ3+ CD4+ cells were gated for analyses by flow cytometry. Values shown represent 
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the mean ± SEM of three independent experiments in triplicate (three mice/group/

experiment). Addition of sTNF did not yield a statistical significance. (C) Culture 

supernatants were tested for levels of NO to validate sTNF bioactivity. Values shown 

represent the mean + SEM of three experiments, performed in triplicate, of total splenocytes 

(106 c/ml; 200 µl/plate) or pooled axillary and brachial lymph nodes (106 c/ml; 200 µl/plate) 

from two 5C.C7 Il2-GFP+/− mice/experiment stimulated with plate-bound anti-TCRβ plus 

anti-CD28 in the presence or absence of increasing concentrations of sTNF (0, 3, 10, 30, 

100, or 300 ng/ml) for 48 h. *p < 0.05. The percentages (D) and total numbers (E) of CD4+ 

FoxP3−, CD8+, and CD4+ FoxP3+ T cells from freshly isolated cervical, axillary, brachial, 

inguinal LN, MLN, and spleens from C57BL/6 WT and tmTNF Foxp3-GFP reporter mice 

were compared. 7-AAD− lymphocytes were gated for analyses by flow cytometry. (F) IL-2 

secretion differs between WT and tmTNF CD4+ T cells. FACS-purified CD4+ CD45Rbhigh 

FoxP3− T effector cells (1 X 105 c/well) from 2D2 WT or tmTNF mice were stimulated with 

irradiated splenocytes (1 X 106 c/well) from WT C57BL/6J mice and cognate MOG35–55 

(10 µM). IL-2 secretion from cell-free culture supernatants was quantified by ELISA at 

times up to 72 h. Graphs depict the results of three independent experiments performed in 

triplicate (mean ± SEM) **p < 0.01, ***p < 0.001. (G) In the left panel, representative 

staining patterns of CD4+ FoxP3− and FoxP3+ CD4+ T cells among total peripheral LNs 

from WT and tmTNF mice are shown with the frequencies (mean ± SEM) of CD4+ FoxP3− 

T cells from four mice of each strain indicated. In the right panel, viable (7-AAD−) CD4+ T 

cells were gated for tmTNF expression and analyzed by flow cytometry. The graph 

summarizes the tmTNF MFI (mean ± SEM) on CD4+ FoxP3− cells from WT and tmTNF 

mice before and after stimulation for the times indicated. The results from two independent 

experiments (three mice per experiment; cultured separately) are shown. (H) Representative 

staining patterns of surface TNFR2 expression on FACS-purified CD4+ FoxP3− T cells from 

G following stimulation for 48 h. The MFI (mean ± SEM) of TNFR2 from two independent 

experiments (three mice per experiment; cultured separately) are indicated. (I) 

Representation of CD69 expression patterns on the FACS-purified CD4+ FoxP3− T cells 

from G stimulated for 48 h. The MFI (mean ± SEM) of CD69 from two independent 

experiments (three mice per experiment; cultured separately) are shown.
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FIGURE 2. 
Blockade of tmTNF inhibits IL-2 production in vivo. (A) Draining LNs, spleens, and sera 

collected from PBS (VEH), XPro™1595 (10 µg/g, subQ), or TNFR2:Fc (10 µg/g, subQ) 

treated B10.A 5C.C7 Il2-GFP+/− (Il2+/−) mice 20 h following immunization with 

MCC88–103 and LPS (10 µg/g) associate blockade of tmTNF with impaired IL-2 production. 

(B - D) Each symbol represents a single mouse. Circles indicate live CD4+-gated cells 

isolated from the draining LNs. Diamonds indicate live CD4+-gated cells isolated from the 

spleens. Horizontal lines represent the geometric means. (B) The percentage of Il2-GFP-
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positive cells out of total live CD4+ T cells were determined by flow cytometry. (C) The 

MFI of Il2-GFP was determined from live GFP-positive CD4+-gated T cells shown in B. (D 
and E) 100% of the live LN and splenic CD4+ T cells from VEH-pretreated mice were 

CD25 and CD69 positive as determined by flow cytometry. Therefore, the MFI of CD25 (D) 

and CD69 (E) for all treatment groups were determined by gating on total live CD4+ T cells. 

(F) Sera was collected from the retro-orbital sinus at necropsy. The concentration of secreted 

IL-2 protein was determined by ELISA. Each hexagon represents an individual mouse; the 

mean concentrations of IL-2 (pg/ml) are indicated by horizontal lines. VEH, n = 4 mice; 

TNFR2:Fc, n = 5 mice, XPro™1595, n = 4 mice. Statistical significance (p < 0.05) is 

indicated.
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FIGURE 3. 
TNFR2 co-stimulates Il2 promoter activity during priming of CD4+ T cells. (A and B) The 

kinetics of Il2 promoter activation during the priming is dependent is antigen-concentration 

dependent. Naive CD4+ T cells were isolated from 5C.C7 Il2-GFP+/− (Il2+/−) or 5C.C7 Il2-

GFP−/− (Il2−/−) mice and activated in vitro (2 X 105 c/well, > 90% CD4+ T cells; 96-well 

round bottom plate) in response to increasing concentrations of MCC88–103 (0, 0.1, 1, and 10 

µM). Cells were harvested prior to (0 h) or 24, 36, 48, and 64 h after T cell activation. (A) 

The percentage of Il2-GF-positive cells out of total live (7-AAD−) CD4+ T cells were 
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determined by flow cytometry. The mean + SEM of three independent experiments (three 

mice per group per experiment) are shown. 10.01 µM > 0 µM, p < 0.05; 21µM > 0 µM, p < 

0.05; 310 µM > 0 µM, p < 0.05. (B) The MFI of Il2-GFP was determined from live GFP-

positive CD4+-gated T cells shown in A. 310 µM > 0.01 µM, p < 0.05. (C and D) Genetic-

deficiency of TNFR2, but not TNFR1, impairs Il2 promoter activity. Naive CD4+ T cells 

were obtained from TNFR1 and TNFR2 sufficient (indicated as WT), TNFR1-deficient 

(indicated as TNFR1 KO), TNFR2-deficient (indicated as TNFR2 KO), or TNFR1/2 dKO 

(indicated as TNFR dKO) 5C.C7 Il2-GFP−/− (Il2−/−) mice. Single cell suspensions (1 X 105 

c/ml; 200 µl/well; > 90% CD4+ T cells) were either left unstimulated (0 µM) or stimulated 

with 10 µM MCC (left panel), 1 µM MCC (center panel), or 0.1µM MCC (right panel) for 

24, 36, 48, and 64 h. Cells were stained for CD4 and 7-AAD and 7-AAD− CD4+ cells and 

gated for analyses by flow cytometry. (C) The percentage of Il2-GFP-positive cells out of 

total live (7-AAD−) CD4+ T cells were determined by flow cytometry. The mean + SEM of 

four independent experiments (three mice/group/experiment) are shown. 2TNFR2 KO < WT, 

p < 0.05; 3TNFR dKO < WT, p < 0.05. (D) The MFI of Il2-GFP was determined from live 

GFP-positive CD4+-gated T cells shown in C2TNFR2 KO < WT, p < 0.05; 3TNFR dKO < 

WT, p < 0.05. (E and F) CD4+ T cell-intrinsic TNFR2 co-stimulates maximal IL-2 

production. Naive CD4+ CD45Rbhigh T cells were FACS-purified from LN and spleens of 

TNFR2-sufficient (WT) or TNFR2-deficient (TNFR2 KO) 5C.C7 Il2-GFP+/− (Il2+/−) mice 

and then stimulated in vitro (2 X 105 c/well; 96-well round bottom plate) with plate-bound 

anti-TCRβ plus anti-CD28 for 64 h. The results of three independent experiments (three 

mice per group per experiment) are shown. (E) The percentage of Il2-GFP-positive cells out 

of total live CD4+ T cells were determined by flow cytometry. The mean ± SEM of the 

frequency of Il2-GFP-positive cells are indicated. Statistical significance is indicated. (F) 

The concentration of IL-2 was determined by ELISA from tissue culture supernatants of the 

samples collected from E. *p < 0.05.
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FIGURE 4. 
DNA binding activity of NF-κB/Rel proteins and stability of Il2 mRNA differs between 

TNFR1 KO and TNFR2 KO CD4+ T cells. (A and B) Oligonucleotide binding assays were 

used to determine the influence of TNFR1 and TNFR2 on NF-κB/Rel and JNK activity in 

CD4+ T cells. CD4+ T cells from 5C.C7 Il2-GFP+/− (Il2+/−) WT, TNFR1 KO, or TNFR2 KO 

mice were left unstimulated or stimulated with anti-TCRβ plus soluble anti-CD28 for 4 h or 

36 h. Nuclear extracts were incubated with a biotinylated double-stranded oligonucleotide 

probe containing the NF-κB/Rel consensus sequence, 5'-GGGACTTTCC-3', or the AP-1 
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consensus sequence, 5'-TGACGTCA-3', on streptavidin-coated plates. Captured complexes 

were incubated with the primary anti-rabbit Abs for (A) c-Fos and c-Jun or (B) p50, RelA, c-

Rel, RelB, and p52. Primary Ab capture complexes were then incubated with horseradish 

peroxidase–conjugated secondary anti-rabbit Ab. The c-Jun- and c-Fos-containing 

complexes were detected by colorimetric absorbance (450 nm) and the NF-κB/Rel 

complexes were detected by chemiluminescence. Results are depicted as fold increase of 

relative absorbance normalized to unstimulated WT controls. The data are expressed as the 

mean ± SEM of triplicate experiments with duplicate reactions in each experiment. (C) 

CD4+ T cell intrinsic TNFR2 stabilizes Il2 mRNA. Naïve CD4+ T cells were purified (> 

95% Vβ3+ CD4+ T cells) from 5C.C7 Il2-GFP+/− (Il2+/−) WT or TNFR2 KO mice using 

EasySep™ mouse CD4+ T cell negative isolation kits (STEMCELL Technologies). Cells (1 

X 106 c/well) were activated in anti-TCRβ-coated (10 µg/ml) 6-well plates in 2 ml of cRPMI 

containing soluble anti-CD28. After 16 h, CsA was added at a final concentration of 200 

ng/ml. Cells were harvested for mRNA isolation at the time of CsA addition (0 h) and 1, 2, 

4, 6, and 8 h after CsA addition. The ΔΔCT method was used for relative quantitation of 

steady-state mRNA. Values are expressed as log10 relative units following normalization to 

CD3δ using the Il2 mRNA levels in unstimulated cells as the calibrator. Determination of the 

half-life for mRNA decay is described in Materials and Methods. Values shown represent 

mean ± SEM of four independent experiments using two mice/group/experiment. *p < 0.05.

Miller et al. Page 31

J Immunol. Author manuscript; available in PMC 2016 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 5. 
Regulation of in vivo IL-2 production by TNFR2. 5C.C7 Il2-GFP+/− (Il2+/−) WT or TNFR2 

KO mice were immunized with MCC (300 µg) plus LPS (10 µg). (A) Representative 

histograms depicting GFP expression in 7-AAD− CD4+-gated T cells recovered from LN 

(left) and SPLN (right) following no (top panels), 8 h (middle panels), and 36 h (bottom 
panels) immunization are shown. The first number in each panel represents the percentage 

(mean ± SEM) of Il2-GFP-positive cells from three separate experiments performed in 

triplicate. The second number in each panel indicates the MFI (mean ± SEM) of the Il2-GFP 
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positive cells. WT CD4+ T cells are indicated by solid lines. TNFR2 KO CD4+ T cells are 

indicated by dashed lines. Results represent three separate experiments performed in 

triplicate. *p < 0.05. (B) CD4+ T cells recovered from the LN and SPLN of immunized mice 

in A, stained for CD69 expression. 7-AAD− CD4+ GFP− and 7-AAD− CD4+ GFP+ cells 

were gated for analyses. A summary of the MFI (mean ± SEM) of CD69 expression after 36 

h stimulation is depicted. (C) CD4+ T cells recovered from the LN and spleens of non-

immunized 5C.C7 Il2-GFP+/− (Il2+/−) WT or TNFR2 KO mice were stained for cell surface 

CD4 and CD69 expression and analyzed by flow cytometry. 7-AAD− CD4+ T cells were 

gated for analyses of CD69 expression. A representation of the MFI of CD69 expression all 

live CD4+ T cells is depicted.
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FIGURE 6. 
Expression of T cell surface co-stimulatory proteins in response to CD4+ T cell autonomous 

TNFR2 deficiency. CD4+ T cells recovered from the draining LNs and spleens of the 

immunized 5C.C7 Il2-GFP+/− (Il2+/−) WT or TNFR2 KO micedescribed in Fig. 5 were 

stained for cell surface CD4 and (A) LAP, (B) CD25, (C) CD26, (D) CD28, or (E) ICOS. 7-

AAD− CD4+ GFP-gated (left panel) and 7-AAD− CD4+ GFP+-gated (middle panel) were 

analyzed for comparison. Representative flow cytometric histograms of the data are shown. 

The mean ± SEM of the co-stimulatory molecule MFI from three individual mice are 
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depicted in the bar graphs (right panel). The Il2-GFP MFI for the CD4+ T cells analyzed in 

Fig. 6 are reported for Fig. 5.
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FIGURE 7. 
CD4+ T cell-intrinsic TNFR2 promotes Il2 expression to inhibit TH17 differentiation. B10.A 

Rag2−/− recipient mice were reconstituted with 1 X 106 CD4+ CD45Rbhigh cells from WT or 

TNFR2 KO 5C.C7 Il2-GFP+/− (Il2+/−), else WT or TNFR2 KO 5C.C7 Il2-GFP−/− (Il2−/−) 

donors. The recipients were then immunized with 20 µg MCC88–103 emulsified in 200 µl of 

CFA. CD4+ T cells from the spleens and draining lymph nodes were harvested 4 d after 

immunization and re-challenged with PMA + ionomycin in vitro for 12 h. IL-17A (A) and 

IFN-γ (B) were quantified from cell-free culture supernatants using ELISA. The results 
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shown represent the mean ± SEM of three separate experiments performed in duplicate. (C) 

The experimental design to assess the role of TNF in wild-type mice using pharmacological 

blockade is depicted. For the results shown in D and E, B10.A Rag2−/− mice were 

administered (subQ) 10 µg/g XPro™1595, 10 µg/g etanercept (TNFR2:Fc), or 200 µl PBS 

(VEH) one day and four days prior to adoptive transfer of naïve CD4+ T cells from WT 

5C.C7 Il2-GFP+/− (Il2+/−) donors. The recipients were immunized (20 µg MCC88–103 

emulsified in 200 µl of CFA) the following day and received a third treatment (TNF 

blockade or VEH control) 48 h thereafter. CD4+ T cells were collected from the draining 

lymph nodes and spleens on four days following immunization and re-challenged with PMA 

+ ionomycin in vitro for 12 h. IL-17 (D) and IFN-γ (E) were quantified from the culture 

supernatants by ELISA. Each symbol represents a single mouse. Horizontal lines represent 

the geometric means. (F – I) To determine whether enhanced production of IL-17 by 

TNFR2 KO CD4+ T cells could be reversed by the addition of exogenous IL-2, naive CD4+ 

T cells isolated from 5C.C7 Il2+/−Il2−/−, TNFR2 KO Il2+/−, or TNFR2 KO Il2−/− mice were 

stimulated for 4 days with plate-bound anti-TCRβ (5 µg/ml) and anti-CD28 under TH17-

polarizing conditions (2.5 ng/ml TGF-β1, 50 ng/ml IL-6, 10 µg/ml α-IFN-γ, and 10 µg/ml α-

IL-4) in the presence or absence of exogenous IL-2 (100 U). For comparison, CD4+ T cells 

were also cultured under TH0 conditions (plate-bound α-TCRβ + α-CD28). (F) Following 

stimulation, cells were harvested and stained for CD4, TNFR2, and 7-AAD. The MFI of cell 

surface TNFR2 was determined on 7AAD− CD4+-gated cells by flow cytometry. 

Representative flow cytometric histograms are shown (left panel) and TNFR2 MFI (mean ± 

SEM) of cells isolated from three independent experiments are shown (right panel). *p < 

0.01, comparing TH17 or TH17 + IL-2 polarized cells to TH0 polarized counterparts. (G and 
H) Cell culture supernatants were collected and ELISA was performed in order to quantify 

IL-2 or IL-17 and IFN-γ. Each symbol represents a single mouse. Horizontal lines represent 

the geometric means. Diamonds indicate 7AAD− CD4+-gated from unstimulated Il2+/− 

mice. Circles indicate 7AAD− CD4+-gated cells isolated from WT or TNFR2 KO Il2+/− 

mice stimulated under TH0 or TH17 polarizing conditions. Squares indicate 7AAD− CD4+-

gated cells isolated from WT or TNFR2 KO Il2−/− mice stimulated under TH0 or TH17 

polarizing conditions. (I) Total RNA was extracted from gradient (Ficoll-Plaque)-purified 

viable cells and IL-17A, IL-17F, IFN-γ, and FoxP3 steady-state mRNA expression was 

determined by qRT-PCR. The ΔΔCT method was used for relative quantitation of steady-

state mRNA. Values are expressed as relative expressions (fold change) following 

normalization to β-actin using the mRNA levels in WT TH0 cells as the calibrator. The error 

bars, which are visible only if they are bigger than the diameters of the symbols, indicate the 

SEs of the means of three independent experiments. *p < 0.05
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FIGURE 8. 
TNFR2 targets ROR-γt expression and tyrosine phosphorylation of STAT3 and STAT5 to 

modulate TH17 differentiation. (A) Steady-state ROR-γt mRNA expression is elevated in 

TNFR2 KO CD4+ T cells compared to WT T cells. The cDNA used in these assays was 

obtained from the WT and TNFR2 KO Il2+/− cells stimulated under TH17-polarizing 

conditions in the presence or absence of exogenous IL-2 or under TH0 conditions from Figs. 

7F – I. Values for steady-state ROR-γt, ROR-α, AHR, and ARNT are expressed as relative 

expressions (fold change) following normalization to β-actin using the mRNA levels in WT 
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TH0 cells as the calibrator. (B) Intracellular tyrosine-phosphorylated STAT5 (upper rows) and 

STAT3 (lower rows) were determined for 5C.C7 +/−Il2-GFP+/− WT or TNFR2 KO CD4+ T 

cells left unstimulated, activated for 4 d under TH17-polarizing conditions with or without 

the addition of IL-2 (100 U/ml), or activated for 4 dunder TH0 conditions. IL-6 (50 ng/ml) 

and IL-2 (100 U/ml) were added for the final 20 min of cell culture. (Top) Representative 

flow cytometry histograms are shown for pY-STAT5 and pY-STAT3 using 7AAD− CD4+-

gated T cells for analyses. The dotted line indicates pY-STAT3 or pY-STAT5 staining in 

unstimulated cells. The mean ± SEM of pY-STAT-positive cells (i.e., those to the right of the 

dotted line) from three independent experiments are shown. (Bottom) The mean ± SEM of 

the MFI of pY-STAT3- or pY-STAT5-positive CD4+ T cells from the cells acquired and 

analyzed above (top) are shown. *p < 0.05. (C) Overall, we conclude that tmTNF activation 

of TNFR2 expressed on CD4+ T cells stimulates Il2 expression and Il2 mRNA stability. 

During TH17 differentiation, TNFR2 is increased. When tmTNF/TNFR2 signaling is blocked 

or impaired, TH17 differentiation is promoted, and IL-17 activates STAT3 and STAT6
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