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TNF	receptor	superfamily	member	25	(TNFRSF25;	also	known	as	DR3,	and	referred	to	herein	as	TNFR25)	is	
constitutively	and	highly	expressed	by	CD4+FoxP3+	Tregs.	However,	its	function	on	these	cells	has	not	been	
determined.	Here	we	used	a	TNFR25-specific	agonistic	monoclonal	antibody,	4C12,	to	study	the	effects	of	
TNFR25	signaling	on	Tregs	in	vivo	in	mice.	Signaling	through	TNFR25	induced	rapid	and	selective	expan-
sion	of	preexisting	Tregs	in	vivo	such	that	they	became	30%–35%	of	all	CD4+	T	cells	in	the	peripheral	blood	
within	4	days.	TNFR25-induced	Treg	proliferation	was	dependent	upon	TCR	engagement	with	MHC	class	
II,	IL-2	receptor,	and	Akt	signaling,	but	not	upon	costimulation	by	CD80	or	CD86;	it	was	unaffected	by	
rapamycin.	TNFR25-expanded	Tregs	remained	highly	suppressive	ex	vivo,	and	Tregs	expanded	by	TNFR25	
in	vivo	were	protective	against	allergic	lung	inflammation,	a	mouse	model	for	asthma,	by	reversing	the	ratio	
of	effector	T	cells	to	Tregs	in	the	lung,	suppressing	IL-13	and	Th2	cytokine	production,	and	blocking	eosino-
phil	exudation	into	bronchoalveolar	fluid.	Our	studies	define	what	we	believe	to	be	a	novel	mechanism	for	
Treg	control	and	important	functions	for	TNFR25	in	regulating	autoaggression	that	balance	its	known	role	
in	enhancing	autoimmunity.

Introduction
The TNF superfamily (TNFSF) consists of at least 19 ligands and 
30 receptors (TNFRSFs) that are differentially expressed by both 
lymphoid and nonlymphoid cells. In CD3+ T cells, TNFSF signals 
function usually in TCR-dependent ways to support various phases 
of an immune response, including polarization, expansion, effec-
tor function, contraction, memory, and death (1, 2). TNFRSF25 
(also known as DR3, and referred to herein as TNFR25) is one of 
the more recently discovered TNFSF members and is expressed 
primarily by CD4+ and CD8+ T and NKT cells (3–9). The ligand 
for TNFR25, TL1A (also known as TNFSF15),  is expressed by 
some endothelial cells and is rapidly induced on dendritic cells 
and macrophage/monocytes following TLR4 or FcγR signaling 
(10–12). In vitro studies demonstrate that TNFR25 signaling on 
CD4+, CD8+, or NKT cells increases IL-2, IL-4, and IFN-γ produc-
tion subsequent to TCR activation or costimulation by IL-12 and 
IL-18 (10, 13, 14). TNFR25 signaling also lowers the threshold of 
CD4+ T cells to TCR-induced proliferation in the absence of CD28 
costimulation by an IL-2–dependent mechanism (10, 15).

Activation of TNFR25 by TL1A exacerbates disease pathology 
in experimental asthma, inflammatory bowel disease (IBD), RA, 
and EAE (3, 10, 16–18). In each of these studies, antigen-depen-
dent TNFR25 stimulation of Th1-, Th2-, or Th17-polarized and 
TCR-activated effector T cells (Teffs) enhances the production of 
the relevant effector cytokines from each Th cell subset. TNFR25 
signals are not required for the differentiation of naive CD4+ T 

cells toward Th1, Th2, or Th17 lineages (10). In several of these 
reports, mouse models with genetic ablation of TNFR25 or TL1A 
(16, 18) or transgenic mouse models expressing a dominant-nega-
tive TNFR25 or systemic antibody blockade of TL1A were studied 
(3, 17). No immune abnormalities or disease susceptibilities have 
been observed in mouse models deficient in TL1A or TNFR25 
or in autoaggressive disease models in which normal signaling 
of TL1A to TNFR25 is inhibited. Furthermore, in each of these 
reports, expression of TNFR25 or TL1A produces a proinflamma-
tory phenotype that appears more hazardous to the animal than 
in the absence of TNFR25 or TL1A.

To our knowledge, there have been no reports to date examining 
the role of TNFR25 on CD4+FoxP3+ Tregs, although it has been 
reported that Tregs express TNFR25 (16). Given the importance 
of Tregs in preventing lethal autoimmunity (19), expression of 
TNFR25 by Tregs, and function of TNFR25 in the pathogenesis of 
multiple autoaggressive disease models, we decided to study the role 
of TNFR25 on the function of Tregs. Our investigation revealed that 
TNFR25 was highly expressed by Tregs, but not CD4+FoxP3– con-
ventional T cells (Tconvs). In vivo stimulation of TNFR25 in the 
absence of exogenous antigen using an agonistic antibody, clone 
4C12, led to rapid and selective proliferation of preexisting Tregs, 
but not Tconvs, to 30%–35% of all CD4+ T cells within 4 days of 
4C12 treatment; this effect was dependent upon TCR engagement 
with MHC class II (MHC-II) and IL-2 signaling. Treg expansion by 
TNFR25 protected against lung inflammation upon airway anti-
gen challenge of sensitized mice. These data demonstrate what we 
believe to be a novel role for TNFR25 as a regulator of Tregs, which 
may protect from disease pathogenesis in allergic asthma. Further-
more, in vivo expansion of Tregs with TNFR25 agonists may provide 
a translatable method, as an alternative to IL-2– or ex vivo–based 
approaches, to facilitate the clinical use of Treg therapy in humans.
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Results
TNFR25 is highly expressed by Tregs. To our knowledge, there are no 
reports to date demonstrating a function for TNFR25 on Tregs, 
although a single report has documented TNFR25 expression by 
Tregs (16). To confirm expression of TNFR25 by Tregs, Tconvs 
and Tregs were single-cell sorted from FoxP3 reporter mice to 
greater  than  99%  purity  and  subsequently  analyzed  by  flow 
cytometry for expression of TNFR25 as well as GITR (also known 
as TNFRSF18), OX40 (also known as TNFRSF4 or CD134), and 
4-1BB (also known as TNFRSF9 or CD137). Sorting of live Tregs 
was made possible by use of FoxP3-RFP reporter mice (FIR mice) 
expressing a red fluorescent protein (RFP) knockin transgene 
from a bicistronic construct under the FoxP3 promoter  (20). 
Whereas TNFR25, OX40, GITR, and 4-1BB were all expressed by 
both Tregs and Tconvs, the greatest relative difference in expres-
sion levels was observed by very high expression of TNFR25 in 
Tregs compared with low expression by Tconvs (Figure 1A). The 
differential expression of TNFR25 between Tregs and Tconvs sug-
gested that TNFR25 may play an important role in the function 
of Tregs, which we decided to study.

TNFR25 stimulation rapidly expands Tregs in vivo. We previously 
reported the generation of a TNFR25 agonistic antibody, clone 
4C12 (3). By use of FIR mice, we were able to continuously monitor 
the frequency and phenotype of the Treg population in peripheral 
blood following 4C12 treatment. Injection i.p. of 4C12 induced 
rapid and highly reproducible expansion of Tregs in vivo (Figure 1B).  
This expansion was maximal at 4 and 5 days after 4C12 injection, 
with Tregs constituting 30%–35% of the total CD4+ T cells in the 
peripheral blood at the peak of the response. 4C12-expanded 
Tregs persisted in the peripheral blood and all tissue sites exam-
ined for 2 weeks, slowly contracting to levels seen in unstimulated 
mice. The site of injection did not play a role in this expansion, as 

demonstrated by equivalent Treg expansion following 4C12 injec-
tion either i.p., s.c., or i.v. (data not shown). Treg expansion follow-
ing 4C12 injection was dose dependent, with maximal responses 
seen with a dose of only 10 μg, corresponding to approximately 
0.4 mg/kg body weight (Figure 1B). Treatment of FIR mice with 
purified mouse TL1A-Ig fusion protein (100 μg) induced Treg 
expansion with a magnitude and with kinetics similar to those of 
4C12 treatment (data not shown). Detection of RFP expression 
in FIR mice faithfully reports the presence of FoxP3 transcripts; 
however, the possibility exists that it may not guarantee expres-
sion of FoxP3 protein because FoxP3 and RFP are independently 
translated from the FoxP3-RFP transcript. Therefore, expansion 
of CD4+FoxP3+ cells following 4C12 administration was con-
firmed in wild-type mice by staining with FoxP3 antibodies and 
in FoxP3-GFP knockin reporter mice, which express a FoxP3-GFP 
fusion protein (data not shown).

Among Treg-expressed TNFR members, TNFR25 is unique in causing 
Treg expansion. The TNFRSF members GITR and OX40, which we 
observed to be expressed by Tregs (Figure 1A), affect Treg activity 
and proliferation (21–27). There are also reports that stimulation 
of Tregs by 4-1BB can modulate both activity and proliferation 
of these cells (28, 29). Furthermore, stimulation of CD4+FoxP3– 
cells by TNFRSF member CD27 (also known as TNFRSF7) has 
been reported to induce FoxP3 expression (30). Given the over-
lap between either functional suppression or induction of Tregs 
between TNFR25 and these other TNFSF members, we compared 
Treg expansion in vivo after stimulation of TNFR25, OX40, 4-1BB, 
GITR, or CD27. In all cases, we used well-characterized agonistic 
monoclonal antibodies to the respective receptor to trigger specific 
signaling. These studies demonstrated that TNFR25 was unique 
among the TNFRSF members examined in its ability to selectively 
induce expansion of Tregs (Figure 1C). It was recently reported that 

Figure 1
TNFR25 stimulates rapid proliferation of CD4+FoxP3+ cells in vivo. (A) Differential expression of TNFR25, GITR, OX40, and 4-1BB on CD4+FoxP3– 
Tconvs and CD4+FoxP3+ Tregs. TNFRSF expression was determined by flow cytometry on highly purified Tconvs and Tregs from splenocytes 
harvested from untreated FIR mice. (B) Kinetics and dose-dependent expansion of Tregs in peripheral blood after 4C12 injection. FIR mice 
were injected i.p. with the indicated amounts of purified 4C12. The mice were bled daily, and FoxP3-RFP expression was analyzed in peripheral 
blood cells by flow cytometry. (C) Treg expansion was compared after treatment with other TNFR-agonistic antibodies. Mice were injected i.p. 
with the indicated antibodies (100 μg) on day 0. Mice were bled daily as in B for 6 days, and the percentage of peripheral blood Tregs relative to 
total CD4+ T cells on day 4 was determined. Data were reproduced in more than 8 independent experiments. Error bars indicate mean ± SEM.  
Significance was determined by Student’s t test (B) or 1-way ANOVA with Tukey post-test (C). *P < 0.05; **P < 0.01; ***P < 0.001.
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OX40-induced Treg expansion required depletion of IL-4, IL-6,  
and IFN-γ (31). In contrast, TNFR25-induced Treg expansion in 
vivo required no additional manipulations.

MHC-II and IL-2 signals are required for TNFR25-induced Treg pro-
liferation. In vitro, Treg proliferation can be induced with various 
combinations of TCR-stimulating antibodies, APCs, and IL-2 sig-
nals (32–35). We attempted to induce Treg proliferation in vitro 
using many different combinations of anti-CD3 and anti-CD28 
antibodies, recombinant IL-2, TGF-β, and retinoic acid with or 
without TNFR25 agonistic antibody; in all cases, TNFR25 stimu-
lation failed to enhance Treg proliferation in vitro, which indi-
cated that additional signals were required (data not shown and 
Supplemental Table 1; supplemental material available online 
with this article; doi:10.1172/JCI42933DS1). Because TNFR25 
has been reported to influence the responsiveness of CD4+ T cells 
to TCR signals (10, 15), we determined whether TNFR25-induced 
Treg proliferation depends upon TCR signaling in vivo. MHC-II–

deficient (Cd74–/–) or Cd4–/– mice were adoptively transferred with 
total CD4+ cells containing 106 CD4+FoxP3+ cells purified from 
FIR mice. Because Cd74–/– mice are deficient in CD4+ T cells, we 
used Cd4–/– mice as a control population to control for any homeo-
static expansion that may occur following adoptive transfer into a 
CD4+ T cell–depleted environment. Mice were treated with 4C12 
or isotype control antibody 2 days after adoptive transfer, and the 
percentage and absolute number of Tregs were determined at days 
4 and 6 after antibody injection (Figure 2, A and B). Although 
Tregs expanded to a similar degree in wild-type and Cd4–/– mice, 
MHC-II molecules were required for TNFR25-induced Treg pro-
liferation in vivo. The percentage of adoptively transferred Tregs 
in Cd74–/– mice was lower than that in Cd4–/– mice, because Cd74–/–  
mice had a greater number of CD4+ cells at baseline than did 
Cd4–/– mice (Figure 2A). Comparison of the absolute numbers of 
adoptively transferred Tregs, however, showed equivalent num-
bers from the 2 groups (Figure 2B). These studies demonstrate a 

Figure 2
TNFR25-induced Treg expansion requires TCR and IL-2 signaling. CD4+ cells were highly purified by FACS sorting from FIR mice and adoptively 
transferred into Cd74–/– or Cd4–/– mice. Following adoptive transfer, recipient mice were treated with either 4C12 or isotype control antibody, and 
the percentage (A) and absolute number (B) of FoxP3+ cells was analyzed 4 days after antibody treatment. FIR mice were treated with cyclospo-
rin-A (C) or FK506 (D) or a vehicle control from day –1 through day 4 by i.p. injection as described in Methods. Mice were treated with either 4C12 
antibody or IgG control antibody, and the proportion of FoxP3+ cells relative to total CD4+ cells in the peripheral blood was analyzed on day 4.  
Tg+ Il2rb–/– (E) or Cd80–/–Cd86–/– (F) mice were analyzed for the proportion of CD4+FoxP3+ cells relative to total CD4+ splenocytes 4 days after 
treatment with either 4C12 or isotype control antibody, compared with C57BL/6 control mice. Data are mean ± SEM of at least 2 independent 
experiments, with 3 or more mice per group per experiment. **P < 0.01; ***P < 0.001.
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requirement for MHC-II signals in TNFR25-induced Treg prolif-
eration, which indirectly implies that TCR signaling is required 
for Tregs to become permissive to TNFR25 signaling, similar to 
the known requirement for TNFR25 signaling in Tconvs (10, 15). 
To provide additional evidence that TCR signals are required 
for TNFR25-induced Treg proliferation, mice were pretreated 
with cyclosporin-A or FK506, and Treg numbers were analyzed 
subsequent to treatment with the 4C12 or isotype control anti-
bodies (Figure 2, C and D). Similar to what was observed in the 
absence of MHC-II signals, TNFR25 triggering in the presence of 
cyclosporin-A or FK506 failed to induce Treg proliferation. The 
requirement for cognate self-antigen in the MHC-II is currently 
unknown and under further investigation, but such a require-
ment may provide an additional explanation for Treg selectivity 
of TNFR25 (in addition to the selective expression of TNFR25 on 
Tregs; Figure 1) in the absence of exogenous antigen.

It has previously been reported that TNFR25 signaling increases 
the responsiveness of Tconvs to IL-2 signals subsequent to TCR 
signals in the absence of CD28 costimulation (10, 15). Given the 
requirement for both MHC-II and NFAT activation for TNFR25-
induced proliferation of Tregs (Figure 2, A–D), we next determined 
whether IL-2 or CD80/86 signals are additionally required. Treg 
expansion in Cd80–/–Cd86–/– mice and in mice expressing a thymic 
targeted transgenic IL-2 receptor (IL-2R) β chain in Il2rb–/– mice 
(Tg+ Il2rb–/– mice) was determined 4 days after injection of 4C12 
(Figure 2, E and F). These data demonstrated that TCR and IL-2R 
signaling, but not CD80 or CD86 costimulation, was required for 
TNFR25-induced Treg expansion in vivo, which indirectly suggests 
that CD28 and CTLA-4 signaling in Tregs is not a requirement for 
TNFR25-induced proliferation. Furthermore, because combined 
TNFR25, TCR stimulation, and IL-2 signaling failed to induce 
Treg proliferation in vitro, we conclude that additional signals are 
required; these are also under investigation.

TNFR25-stimulated Tregs are hyperresponsive to IL-2–induced prolifera-
tion ex vivo. Although the requirements for TNFR25-induced Treg 
proliferation in vitro remain elusive, we observed that Tregs puri-
fied from mice treated with TNFR25 agonistic antibodies were 
hyperresponsive to IL-2–induced proliferation ex vivo (Figure 3A). 
These data corroborate the importance of IL-2 signals in TNFR25-
induced Treg expansion (Figure 2E) and suggest that TNFR25 
triggering induces Treg expansion by influencing the sensitivity of 
Tregs to IL-2 signals. We envisioned several potential mechanisms 
that could explain this observation: (a) TNFR25 could increase the 
expression of IL-2R subunits on Tregs; (b) TNFR25 could enhance 
STAT5 activation in Tregs; (c) TNFR25 could enhance mammalian 
target of rapamycin (mTOR) activation in Tregs; and (d) TNFR25 
could enhance PI3K/Akt activation in Tregs. To determine the 
expression of the IL-2R α, β, and γ chains, flow cytometry was 
performed on Tregs undergoing expansion in vivo subsequent to 
treatment with the 4C12 antibody and compared with IgG control 
antibody–treated isolated Tregs (Figure 3B). Although the expres-
sion of the IL-2R α chain (i.e., CD25) actually decreased following 
exposure to 4C12 (Supplemental Figure 1), expression of the β and 
γ chains (i.e., CD122 and CD132, respectively) remain unchanged 
on Tregs isolated from mice treated with 4C12 and isotype control 
antibodies (Figure 3B), effectively eliminating the first potential 
mechanism. To determine whether phosphorylation of STAT5 
was enhanced in 4C12-treated mice, Tregs were isolated from mice 
treated 4 days previously with 4C12 or isotype control antibody 
and exposed to IL-2 ex vivo (10 ng/ml for 15 minutes). Subsequent 
staining of these Tregs with phosphospecific antibodies demon-
strated that STAT5 phosphorylation was not enhanced in Tregs 
isolated from 4C12-treated mice compared with control mice  
(Figure 3C), effectively eliminating the second potential mecha-
nism. Subsequently, TNFR25-induced Treg proliferation in vivo 
was unchanged in the presence of the mTOR inhibitor rapamycin 

Figure 3
TNFR25-expanded Tregs are hyperresponsive to IL-2 and require Akt activation. (A) CD4+FoxP3+ cells were purified from FIR mice on day 4 
after treatment with control IgG or 4C12 antibodies and incubated with the indicated amounts of IL-2 in vitro. CD4+FoxP3+ cell proliferation was 
measured on day 3 of the culture by incorporation of tritiated thymidine. (B) CD4+FoxP3+ cells were purified as in A, and the surface expression 
of IL-2Rγ (CD132) or IL-2Rβ (CD122) was determined by flow cytometry. (C) CD4+FoxP3+ cells purified from FIR mice 4 days after treatment 
with IgG or 4C12 antibody were analyzed for expression of pSTAT5 15 minutes after treatment with 10 ng/ml IL-2 in vitro. (D and E) FIR mice 
were treated once daily with rapamycin (D) or twice daily with Akt inhibitor V (E) or a vehicle control from day –1 through day 4 by i.p. injection 
as described in Methods. Mice were treated with either 4C12 or control IgG antibody on day 0, and the proportion of FoxP3+ cells relative to total 
CD4+ cells in the peripheral blood was analyzed on day 4. Data are mean ± SEM of at least 2 independent experiments, with 2 or more mice per 
group per experiment. ***P < 0.001.



research article

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 120      Number 10      October 2010  3633

Figure 4
In vivo Treg expansion by TNFR25 inhibits inflammation in allergic asthma. Allergic asthma was induced by immunization with OVA/alum followed 
by aerosol challenge with OVA/PBS, as described in Methods. (A) Peripheral blood was collected and analyzed for the fraction of CD4+FoxP3+ 
cells relative to total CD4+ T cells from OVA/alum-immunized mice compared with nonimmunized mice following treatment with either 4C12 or 
isotype control antibody. (B) Total lung cells were harvested and analyzed by flow cytometry. The total number of each indicated cell population 
are shown. (C) The percentage of Tregs out of total CD4+ T cells. (D) BALF was collected 3 days after aerosolization with OVA/PBS. The total 
number of eosinophils is shown. (E) Total RNA was extracted from total lung cells and used for real-time RT-PCR. Expression of IL-4, IL-5, IL-13,  
and FoxP3 in 4C12- or isotype control–treated mice is shown relative to saline-aerosolized control lung cells. (F) Lungs were harvested and 
sectioned for histological sections. H&E and PAS images were obtained for each treatment group; representative images are shown. Data were 
repeated in 4 independent experiments with at least 3 mice per group per experiment. (G) PAS-stained sections were quantitated using Image J 
software as described in Methods; 2 representative images were quantitated from each of 5 or more mice from 2 separate experiments. All data 
are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 versus respective control, 1-way ANOVA with Tukey post-test.
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(Figure 3D), eliminating the third potential mechanism (36). Final-
ly, to determine whether Akt signaling was required for TNFR25-
induced Treg proliferation, mice were treated with TNFR25 ago-
nistic antibodies or control antibody in the presence or absence 
of the Akt1/2/3 selective inhibitor triciribine (referred to herein 
as Akt inhibitor V; ref. 37). Selective inhibition of Akt activation 
was sufficient to inhibit TNFR25-induced Treg proliferation from 
33.69% ± 1.253% in vehicle-treated controls to 22.43% ± 1.352%  
(n = 6) when treated once daily with Akt inhibitor V (P < 0.001; 
data not shown) and to 18.20% ± 2.117% (n = 3) when treated twice 
daily with Akt inhibitor V (P = 0.0003; Figure 3E).

Comparison of TNFR25- and IL-2 antibody complex–induced Treg 
expansion in antigen-naive mice. The only other agent that selective-
ly expands Tregs in vivo was reported by Boyman et al. through 
use of an IL-2/anti–IL-2 antibody complex (IAC; see Methods 
and ref. 38). Thus, in vivo Treg expansion was directly compared 
after treatment with either 4C12 or IAC (Supplemental Figure 
1A). The magnitude and kinetics of Treg expansion were simi-
lar following treatment with 4C12 and IAC in vivo. However, 
the contraction of expanded Tregs was prolonged after 4C12 
compared with IAC treatment. In contrast to TNFR25-expand-
ed Tregs, which expressed intermediate levels of CD25, IAC-
expanded Tregs expressed high levels of CD25 (Supplemental 
Figure 1B), as previously reported (39). No other differences in 
expression of CD11a, CD28, CD45RA, CD62L, CD127, intra- or 
extracellular CTLA-4, OX40, PD-1, IL-17A, or IFN-γ were found 
in comparing Tregs expanded by 4C12 with Tregs expanded by 
IAC (data not shown).

In vivo Treg expansion by TNFR25 reduces allergic lung inflammation. 
To determine whether 4C12-expanded Tregs prevent inflamma-
tion in a disease model, we tested whether this treatment could 
reduce inflammation if induced in a well-characterized model of 
allergic lung inflammation, OVA/alum-primed mice followed by 
airway OVA challenge. Mice were primed with OVA/alum, as pre-
viously described (3), on days 0 and 5 and then treated with 4C12 
or hamster IgG on day 12. At the time of maximal Treg expan-
sion 4 days later, the airways were challenged with OVA aerosol-
ized in PBS or with a PBS saline control. Maximal expansion of 
Tregs was confirmed by monitoring Tregs in the peripheral blood 
during this period (Figure 4A). 4C12-induced Treg expansion fol-
lowing OVA/alum sensitization was slightly delayed in the first 2 
days compared with expansion in nonsensitized mice, but Tregs 
then rapidly expanded to a higher proportion (50%–55%) of total 
CD4+ T cells by day 4 (Figure 4, B and C). Mice were sacrificed 3 
days after aerosolization, and bronchoalveolar lavage fluid (BALF), 
bronchial lymph nodes, and lung tissue were analyzed.

The total number of cells isolated from the lungs was unchanged 
between control- and 4C12-treated animals (data not shown). 
Consistent with this observation, the number of CD4+ and CD8+ 
T cells within the lungs was similar between control- and 4C12-
treated mice; however, in 4C12-treated mice, the number of Tregs 
was significantly increased (Figure 4B). Analysis of the composi-
tion of Tregs within the lung tissue revealed that 7 days after 4C12 
administration (i.e., 3 days after aerosolization), the frequency of 
Tregs in the lungs remained at 55% of all CD4+ T cells compared 
with 22% in hamster IgG–treated mice (Figure 4C). Because it has 
previously been reported that the balance of Tconvs to Tregs is a 
better predictor of disease pathogenesis than merely the total Treg 
number (40, 41), the Tconv/Treg ratio was determined in lung tis-
sue (Table 1). To confirm that the phenotype of lung-infiltrating 
Tregs was consistent with the phenotype of TNFR25-expanded 
Tregs in disease-free mice, lung-infiltrating Tregs were analyzed 
and found to be indistinguishable from lung-infiltrating Tregs 
isolated from IgG-treated mice in terms of GITR, OX40, PD-1, 
CD44, CD62L, and CD69 expression (data not shown).

Consistent with analysis of lung tissue cells, the total number 
of cells isolated from BALF was significantly increased following 
challenge with aerosol containing OVA, but not with saline aerosol 
control, in all conditions, but was markedly reduced by 4C12 treat-
ment (data not shown). The total number of eosinophils within 
the BALF roughly mirrored the total number of BALF cells, and 
pretreatment with 4C12 significantly reduced the severity of air-
way eosinophilia (Figure 4D).

The proinflammatory cytokines IL-4, IL-5, and IL-13 have been 
strongly implicated in the pathogenesis of allergic lung inflamma-
tion (42–44). To determine whether expression of these cytokines 
was reduced by pretreatment with 4C12, total RNA was extracted 
from flash-frozen lungs 3 days after aerosolization and analyzed 
by RT-PCR. The expression of IL-4, IL-5, and IL-13 among lung-
infiltrating CD4+ cells was significantly reduced following treat-
ment with 4C12, but remained elevated following treatment with 
isotype control antibody, compared with saline-aerosolized con-
trols (Figure 4E). As an additional control, the level of FoxP3 RNA 
expression was analyzed; this mirrored the same relative propor-
tions of FoxP3-expressing CD4+ cells, as seen by flow cytometry 
(Figure 4, compare C and E). Lung tissue histology confirmed 
these findings, demonstrating reduced lymphocyte infiltration 
and airway mucus production following 4C12 treatment com-
pared with saline-aerosolized controls (Figure 4, F and G).

TNFR25 expands Tregs without activating or expanding Tconvs. To 
determine the phenotype of the 4C12-expanded Tregs, we ana-
lyzed CD4+FoxP3+ cells isolated from peripheral lymph nodes, 
mesenteric lymph nodes, and spleens from mice that had been 
injected with 4C12 or IgG isotype control. 4C12-expanded Tregs 
were predominantly CD4+FoxP3+CD25int cells and were expanded 
in all secondary lymphoid organs analyzed (Figure 5, A and B, and 
Supplemental Figure 2, A and D). 4C12 treatment did not alter 
the expression of CD11a, CD28, CD45RA, CD62L, CD127, intra- 
or extracellular CTLA-4, OX40, PD-1, IL-17A, or IFN-γ by Tregs 
(data not shown). Although all CD4+FoxP3+ cells remained GITR+ 
following treatment with 4C12, the proportion of CD4+FoxP3+ 
cells that expressed GITR shifted in favor of the CD25int subset 
following 4C12 treatment (Supplemental Figure 2B). The αEβ7 
integrin (i.e., CD103) has previously been reported to be expressed 
by a highly suppressive subset of CD4+FoxP3+ that can be either 
CD25+ or CD25– (45, 46). Analysis of CD103 expression revealed 

Table 1
4C12 decreases absolute Tconv number and Tconv/Treg ratio

	 IgG	 4C12
Tconvs per lung (no.) 78,200 23,340
Tregs per lung (no.) 10,700 44,400
Tconv/Treg ratio 7:1 1:2

Total lung cells were harvested as in Figure 3. Cell numbers were 
calculated by multiplying the number of cells obtained in a single-cell 
suspension of the left lung by the percentage of lymphoid gated cells 
per total cells analyzed by flow cytometry by the percentage of Tconvs 
or Tregs within the lymphoid gated cell population.
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increased expression of CD103 by 4C12-expanded Tregs, but not 
control Tregs (Supplemental Figure 2C). Importantly, analysis 
of CD4+FoxP3– and CD8+ cells following treatment with 4C12 
revealed that TNFR25 signaling did not increase the absolute 
number or proportion of either of these cell populations (data not 
shown). To determine whether treatment with 4C12 stimulated 
the proliferation of non-Tregs, CD4+ Tconvs and CD8+ T cells 
were stained with the proliferation marker Ki67. Treatment with 
4C12 in the absence of exogenous antigen did not increase Tconv 
or CD8+ T cell proliferation (data not shown). Moreover, staining 
of CD8+ cells and FoxP3–CD4+ cells for CD44, CD62L, and CD69 
revealed no differences between 4C12- and IgG-treated mice (data 
not shown). Thus, TNFR25 signaling selectively expands Tregs 
without inducing expansion or activation of CD4+ or CD8+ effec-
tor cells in the absence of exogenous antigen.

TNFR25 stimulation induces proliferation of preexisting Tregs in vivo. 
The  increase  in Tregs  following 4C12 treatment could result 
either from de novo FoxP3 expression or from the proliferation 

of CD4+FoxP3+ cells. To differentiate between these possibili-
ties, we determined the expression of Ki67 on CD4+FoxP3+ cells  
(Figure 5, C and D). As was suggested by the increase in the ratio 
of CD4+FoxP3+CD25int to CD4+FoxP3+CD25hi cells, the majority 
of Ki67+ cells was CD4+FoxP3+CD25int in mice treated with 4C12. 
A smaller proportion (~27%) of CD4+FoxP3+ cells did not stain 
for Ki67 (Figure 5, C and D), and the majority of these cells were 
CD25hi. It remains unclear whether the observed proliferation of 
CD25int cells following 4C12 treatment resulted from selective 
stimulation of CD25int cells or whether Tregs were stimulated 
to proliferate regardless of CD25 expression, which was then 
reduced during proliferation.

Increased proliferation by CD4+FoxP3+CD25int cells does not 
conclusively rule out the possibility that TNFR25 signaling could 
stimulate de novo FoxP3 expression by CD4+FoxP3– cells. To exam-
ine this possibility, we performed adoptive transfer experiments by 
infusing highly purified (>99% purity) CD4+FoxP3– or CD4+FoxP3+ 
cells from CD45.2+ FIR mice into CD45.1+ congenic B6/SJL mice. 

Figure 5
TNFR25 stimulation leads to Treg expansion in vivo by inducing proliferation of existing CD4+FoxP3+CD25int cells. (A) FIR mice were treated 
with IgG or 4C12 on day 0, and splenocytes were harvested 4 days later and analyzed by flow cytometry. Representative plots are shown. (B) 
Mean CD25hi and CD25int Treg numbers in splenocytes 4 days after the indicated treatments. (C) Representative dot plots were pregated on 
CD4+FoxP3+ cells. Percentages indicate the contribution of each phenotype toward the total fraction of CD4+FoxP3+ cells. (D) Mean proportion 
of Ki67+ and Ki67– cells among CD25hi and CD25int Tregs as in A. Data are mean ± SEM. (E–H) CD4+FoxP3– and CD4+FoxP3+ cells were sorted 
from CD45.2+ FIR mice to greater than 99% purity, and 2 × 106 cells from each subset were adoptively transferred into CD45.1 congenic B6-SJL 
mice. Mice were injected i.p. 24 hours later with 20 μg 4C12 or IgG. (E and F) Histograms showing percentage of transferred CD45.2+FoxP3+ and 
CD45.2+FoxP3– cells out of total CD4+ cells on day 5 after adoptive transfer. (G and H) Kinetics of transferred cell contraction following 4C12 or 
hamster IgG treatment. Data are mean ± SEM for 3 mice per group for each of 2 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.
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These studies allowed us to track adoptively transferred CD45.2+ 
cells following treatment with 4C12 in CD45.1+ hosts and moni-
tor persistence, induction, or silencing of FoxP3-RFP by adoptively 
transferred CD45.2+CD4+ cells (Figure 5, E–H). We deliberately 
chose to perform these experiments in fully immunocompetent 
mice to avoid any complications that may arise from homeostatic 
expansion of Tregs following adoptive transfer into genetically or 
experimentally immunodeficient strains. Transfer of 2 × 106 sorted 
cells (Supplemental Figure 3A) into immunocompetent CD45.1+ 
recipients was sufficient to detect a rare, but easily distinguishable, 
population of CD45.2+CD4+ cells in the peripheral blood for at 
least 2 weeks after adoptive transfer (Figure 5, G and H). TNFR25 
stimulation of recipient mice by 4C12 after adoptive transfer did 

not  stimulate de novo FoxP3 expression by CD4+FoxP3–  cells  
(Figure 5E), which remained at 0.5% frequency and FoxP3– regard-
less of 4C12 or control antibody treatment. The  frequency of 
FoxP3+ cells after adoptive transfer of 2 × 106 cells was 0.04% of the 
CD4 cells in peripheral blood in mice treated with control antibody 
and increased to 0.11% in 4C12-treated mice (Figure 5F), a 3-fold 
increase in FoxP3+CD45.2+ cell frequency. This result was consistent 
with the extent of expansion of FoxP3+ Tregs by the TNFR25 ago-
nistic antibody in nontransferred mice (Figure 1B). 4C12 treatment 
selectively stimulated the proliferation of CD4+FoxP3+ cells, which 
maintained FoxP3 expression following expansion (Figure 5F).  
The  data  show  that  TNFR25  signaling  stimulates  primarily 
increased proliferation of CD4+FoxP3+CD25int cells, resulting in a 

Figure 6
Suppressive activity of in vivo–expanded Tregs. Tregs were sorted from 4C12- and IgG isotype control–injected mice on day 4 and subjected to 
a standard in vitro suppression assay using CD4+FoxP3–CD25– cells as Tconvs and soluble α-CD3 (2 μg/ml) for 72 hours (96-well, round bottom 
plate). The assay was performed in the absence (A and C) or presence (B and D) of 1:1 APCs. (A and B) Treg/Tconv ratios were as indicated. 
(C and D) IgG, 4C12, or DTA1 (10 μg/ml) antibodies were added to the suppression assay, and the Treg/Tconv ratio was kept constant at 1:2. 
(E) Tconvs from TNFR25 dominant-negative (DN) mice (3) and Tregs from wild-type mice were used. IgG or 4C12 antibodies (10 μg/ml) were 
added to the suppression assay; the Treg/DN Tconv ratio was 1:2. (F) CD4+CD25hi and CD4+CD25int Tregs from IgG- or 4C12-injected mice 
were used. 3H-thymidine was added for the last 6 hours before the assay was analyzed on a scintillation counter. Percent Tconv proliferation 
was calculated as a percentage of the total counts obtained in wells containing Tconvs in the absence of Tregs. Data are mean ± SEM with at 
least 4 samples for each condition in each of 2 independent experiments with more than 6 mice per group per experiment. **P < 0.01.
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systemic increase in Tregs. These studies also demonstrated that 
while the adoptively transferred CD4+FoxP3– cells did not expand 
at any time following 4C12 treatment (Figure 5G), the expansion 
of adoptively transferred CD4+FoxP3+ cells followed kinetics sim-
ilar to those of expansion and contraction of endogenous Tregs 
in FIR mice (compare Figure 5H and Figure 1B). Importantly, the 
adoptively transferred CD4+FoxP3+ cells maintained FoxP3 expres-
sion both during and after expansion (Figure 5, F and H, and data 
not shown), which suggests that the observed contraction of the 
expanded Treg pool results from cell death rather than from loss 
of FoxP3 expression. If the expanded pool of adoptively trans-
ferred CD45.2+CD4+FoxP3+ cells were losing FoxP3 expression at 
any point throughout the course of the experiment, the fraction 
of CD4+FoxP3– cells within the CD45.2+CD4+ cells would have 
increased; however, this did not occur. Less than 5% of adoptively 
transferred CD4+FoxP3– cells exhibited FoxP3 expression (Figure 5E),  
and less than 5% of transferred CD4+FoxP3+ cells lost FoxP3 expres-
sion (Figure 5F), over the course of the experiment. Such minor 
instabilities in FoxP3 expression have been reported previously 
(47), and likely explain these observations.

TNFR25-expanded Tregs are highly suppressive ex vivo. To determine 
whether 4C12-expanded Tregs retain suppressive activity, we puri-
fied Tregs from FIR mice 4 days after treatment with either 4C12 or 
IgG isotype control antibody (Supplemental Figure 3A). These Treg 
subsets were then used in a traditional proliferation assay, as previ-
ously described (48). Purified Tregs from 4C12-treated mice sup-
pressed proliferation of CD4+CD25– cells to a greater degree than 
did those from isotype control antibody–treated mice (Figure 6, 
A–D). Suppression of Tconv proliferation by 4C12-expanded Tregs 
was observed in both the presence and the absence of APCs in the in 
vitro suppression assay (Figure 6, compare A and B). To determine 
whether addition of 4C12 during the suppression assay modulates 
the suppressive activity of Tregs, identical assays were performed in 
the presence of 4C12, DTA1 (a GITR-agonistic antibody known to 
release Tconvs from Treg-mediated suppression; ref. 26), or isotype 
control antibody (Figure 6, C and D). The presence of agonistic 
TNFR25 or GITR antibodies partially restored Tconv proliferation, 
with both antibodies producing a similar effect in the absence of 
APCs regardless of whether the Tregs were obtained from 4C12- 
or IgG isotype control–treated mice (Figure 6C). Interestingly, in 
the presence of APCs, DTA1 induced the proliferation of Tconvs 
in the presence of Tregs from IgG isotype control–treated mice to a 
greater extent than with Tregs from 4C12-treated mice (Figure 6D). 
The presence of APCs did not significantly alter the partial restora-
tion of Tconv proliferation in the presence of 4C12. Controls also 
demonstrated that the stimulatory effect of 4C12 on Tconvs alone 
was minimal, and significantly less than the stimulatory effect of 
GITR on Tconvs (Figure 6, C and D). To further demonstrate that 
inhibition of Treg-suppressive activity by 4C12 was specific to the 
effect of TNFR25 expressed by Tregs and not Tconvs, suppression 
assays were performed using transgenic Tconvs expressing a domi-
nant-negative TNFR25 (ref. 3 and Figure 6E). These data demon-
strated that inhibition of Treg-suppressive activity by TNFR25 
signaling occurred under conditions in which only Tregs express 
a functional TNFR25, which indicates that this effect is the result 
of signaling by TNFR25 on Tregs and not Tconvs. Notably, Tregs 
expanded in vivo with 4C12 and then subjected to the in vitro sup-
pression assays (Figure 6, A and B) were highly suppressive under 
conditions in which the 4C12 antibody was no longer present. Only 
when the 4C12 antibody was maintained in the course of the sup-

pression assay was partial inhibition of Treg-suppressive activity 
observed. Because 4C12 induced the proliferation of CD25int Tregs, 
and in some studies the level of CD25 expression is predictive of 
the suppressive activity of Tregs (49), we compared the suppressive 
activity of CD25hi and CD25int Tregs sorted from mice following 
treatment with 4C12 or isotype control antibody (Figure 6F and 
Supplemental Figure 3B). The suppressive activity did not depend 
on the level of CD25 expression, since CD25hi and CD25int Tregs 
were both highly suppressive in the proliferation assay (Figure 6F), 
as has recently been reported (49). Interestingly, the 4C12-expand-
ed CD25int Tregs had slightly greater suppressive activity than did 
the CD25int Tregs from IgG-treated mice (Figure 6F). This finding 
indicates that the increased suppressive activity of 4C12-expanded 
compared with IgG-treated Tregs (Figure 6, A–D) is attributable, at 
least in part, to the activity of CD25int cells.

Discussion
Members of the TNFR family have been recognized as important 
costimulators of immune effector cell responses and as inducers of 
apoptosis. Here we identified in TNFR25 a nonredundant function 
as regulator of Tregs, which we believe to be novel. TNFR25 medi-
ated robust expansion of Tregs in vivo in immune competent mice, 
while at the same time partially restraining their suppressive activ-
ity. To our knowledge, no other physiological signals — including 
those of other TNFR family members — have been reported to exert 
similar activity on Tregs. Further, the observation that TNFR25 sig-
nals induced Treg expansion with magnitude and kinetics similar 
to the only other reported reagent to selectively expand Tregs (IAC; 
ref. 38) indicates that TNFR25 agonists may provide a translatable 
alternative to IL-2–based therapies for therapeutic use in humans.

The  current  understanding  of  TNFR25  and  TL1A  strongly 
implicates this receptor/ligand pair in the generation of patho-
genic inflammation in various disease models. To date, there is not 
a single report to our knowledge that identifies a role for TNFR25 
or TL1A in maintaining health or preventing disease, which indi-
cates that such a role had evaded discovery. The availability of the 
TNFR25 agonistic antibody 4C12 enabled the study of TNFR25 
on various T cell subsets in a setting in which the temporal avail-
ability of TNFR25 signals, inflammatory signals, and exogenous 
antigen could be independently controlled. The identification of a 
protective role for TNFR25-expanded Tregs in allergic lung inflam-
mation does not contradict previous studies implicating TL1A in 
the exacerbation of allergic lung inflammation (3), because in the 
current studies, TNFR25 signaling preceded antigen exposure, 
whereas in previous studies, TNFR25 signals followed antigen 
challenge. Rather, the differential high expression of TNFR25 by 
Tregs in contrast to the low expression by Tconvs suggests that the 
sequence of exposure of T cells to antigen, costimulatory signals, 
or TL1A may govern whether a particular inflammatory response 
is suppressed by Tregs or induced by Tconvs. In the current studies, 
treatment with TNFR25 agonists prior to airway antigen challenge 
induced the preferential accumulation of Tregs, but not Tconvs, 
within the airways and was associated with reduced production 
of IL-4, IL-5, and IL-13 as well as reduced eosinophilia and mucus 
production in the bronchoalveolar space.

The  requirement  for  MHC-II  and  IL-2  signals,  but  not 
CD80/86  costimulation,  for  TNFR25-induced  Treg  prolif-
eration echoes prior findings for TNFR25 signaling on Tconvs 
(10, 15). Although MHC-II and IL-2 signals were required for 
TNFR25-induced Treg proliferation, provision of TCR and IL-2  
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signals were not sufficient to induce proliferation of Tregs in 
vitro, which suggests that additional signals are required; these 
are currently under investigation. Although the requirement for 
MHC-II strongly implicates the Treg-expressed TCR in TNFR25-
induced Treg proliferation, these data are indirect. As additional 
evidence for a role of the TCR in this process, we observed that 
TNFR25 triggering could not induce Treg proliferation in the 
presence of the NFAT inhibitors cyclosporin-A or FK506, pro-
viding evidence that signaling events downstream of the TCR 
influence Treg proliferation. These data indicate that both Tregs 
and Tconvs may become permissive to TNFR25 signaling subse-
quent to TCR ligation and that the Treg-selectivity of TNFR25 
agonistic antibodies may be at least in part due to the availability 
of self-antigen under noninflammatory conditions. Whether per-
sistent TCR stimulation with self-antigen also contributes to the 
increased expression of TNFR25 in Tregs as compared to Tconvs, 
or whether this difference is maintained by unrelated signaling 
pathways, is also not known.

Given the observation that at least 2 additional receptor path-
ways (IL-2R and TCR) were required for TNFR25-triggered Treg 
proliferation, the confluence of signaling pathways downstream 
of these receptors leading to Treg proliferation is likely to be com-
plex. A clue as to how these pathways may interact was provided 
by our observation that ex vivo, TNFR25-triggered Tregs were 
hyper-responsive to IL-2 signals. We subsequently determined 
that the PI3K/Akt pathway provided a link downstream of the  
IL-2R that was important for TNFR25-induced Treg proliferation. 
These data echo previous reports indicating that PTEN-mediated 
inhibition of the PI3K/Akt pathway restricts the proliferation of 
Tregs downstream of IL-2 signaling (50). Identification of MHC-II, 
IL-2R, NFAT, and Akt provide a tangible starting point for elu-
cidating the signaling events downstream of TNFR25 triggering 
that culminates in Treg proliferation, but many additional studies 
are required to elucidate the molecular mechanisms of cross-talk 
among these various pathways.

TNFR25-induced Treg expansion occurred with kinetics and 
magnitude similar to those of Treg expansion induced by IAC, but 
resulted in an increase in the proportion of CD25int rather than 
CD25hi cells. The importance of this observation is unknown; how-
ever, the increase in CD25 expression by Tregs following exposure 
to IAC suggests a positive feedback loop driven by the increased 
availability of IL-2, as has been reported previously (51). In the case 
of TNFR25-induced Treg expansion, the concentration of IL-2 was 
not manipulated, so the resulting decrease in CD25 expression by 
proliferating Tregs may result from increased competition for 
endogenous IL-2 from an expanding Treg population. Interroga-
tion of other Treg-expressed surface markers revealed few differ-
ences between TNFR25- and IAC-expanded Tregs, although some, 
including GITR, fluctuated between the CD25int and CD25hi pop-
ulations. The only marker analyzed that was consistently increased 
following 4C12 treatment was CD103, which contributes to the 
retention of Tregs within tissues (52, 53).

Our present results complement recent data reporting roles for 
TNFR25 stimulation in the induction of inflammatory respons-
es with the  inhibition of Treg-suppressive activity;  together, 
these data are suggestive of unified theory for the role of TL1A/
TNFR25 interactions in both induction and resolution of tis-
sue inflammation. The precise mechanism by which TNFR25 
stimulation both induces the proliferation of Tregs and inhib-
its their suppressive activity remain unclear, in part because the 

signaling pathways activated by TNFR25 signals are not well 
understood, but are being investigated further. In addition, it is 
unknown whether TNFR25-induced expansion of Tregs in vivo 
is dependent upon the recognition of self-antigen, although 
such a requirement is suggested by the requirement for MHC-II  
signals; similar to IAC, the conditions necessary for TNFR25-
induced Treg expansion in vitro remain unclear and are under 
further investigation. We hypothesize that the identification of 
a requirement in vivo for MHC-II to permit TNFR25-induced 
Treg proliferation indicates that TCR engagement is a general 
requirement  for  TNFR25-induced  T  cell  costimulation,  and 
that the Treg selectivity of TNFR25 in the absence of exogenous 
antigen is maintained both by the preferential expression of 
TNFR25 by Tregs and by the availability of self-antigen presented 
by MHC-II. The increased responsiveness of Tregs to TNFR25 
stimulation from immunized versus nonimmunized mice is also 
intriguing and may indicate distinct functions for TNFR25 in 
primary versus secondary immune responses. Regardless of the 
mechanism, in light of the importance of TNFR25 signaling to 
the pathogenesis of a growing number of inflammatory diseases 
(e.g., asthma, IBD, EAE, and RA), it is important to understand 
the spatiotemporal role that TNFR25 signaling exerts on various 
CD4+ T cell subsets. It is highly likely that, similar to OX40 (31), 
the temporal context of TNFR25 signaling may differentially 
guide inflammatory or regulatory immunity. The unique abil-
ity of TNFR25 signals to rapidly expand and transiently inhibit 
CD4+FoxP3+ natural Tregs may have important consequences for 
the treatment of autoimmune disease, chronic infection, trans-
plantation, and cancer.

Methods
Mice. Wild-type C57BL/6 mice were purchased from Charles River Labo-
ratories. FIR mice on a B6 background (provided by R. Flavell, Yale Uni-
versity, New Haven, Connecticut, USA; ref. 20), FoxP3-GFP mice (provid-
ed by A. Rudensky, Memorial Sloan-Kettering Cancer Center, New York, 
New York, USA; refs. 54, 55), and CD45.1 SJL, Cd74–/–, Tg+ Il2rb–/– (56), 
Cd80–/–Cd86–/–, and Cd4–/– mice were bred in our animal facility. Tl1a–/– 
mice were purchased from Lexicon Genetics Inc. and backcrossed into a 
C57BL/6 background by Speed Congenics. Mice were used at 6–12 weeks 
of age and were maintained in pathogen-free conditions at the University 
of Miami animal facilities. All animal use procedures were approved by 
the University of Miami Animal Care and Use Committee.

Antibodies and reagents. Commercial antibodies for use in flow cytom-
etry were purchased from BD Biosciences — Pharmingen or from eBiosci-
ence. The Armenian Hamster IgG isotype control was bought from eBio-
science. DTA1 (anti-GITR) was obtained from BioXCell, and LG.3A10 
(anti–IL-27) was from BioLegend, and 158321 (anti–4-1BB) was obtained 
from R&D Systems. Recombinant mouse IL-2 and anti-IL-2 monoclonal 
antibody, clone JES6-1A12, were purchased from eBioscience. IAC was 
generated by incubating 10,000 U recombinant mouse IL-2 with 5 μg  
JES6-1A12 for 15 minutes at 25°C. Armenian hamster hybridomas pro-
ducing antibodies to mouse TNFR25 (4C12, agonistic) were generated 
as described previously (3). 4C12 (anti-TNFR25) and OX-86 (anti-OX40) 
were produced in hollow fiber bioreactors (Fibercell Systems) and puri-
fied from serum-free supernatants on a protein G column (GE Health-
care). Rapamycin (Rapamune; Wyeth) was used at 75 μg/kg/d as previ-
ously described (36). Cyclosporin-A (25 mg/kg/d), FK506 (3 mg/kg/d), 
and Akt inhibitor V (triciribine, 1.5 mg/kg daily or twice per day as indi-
cated) were purchased from Calbiochem/EMD and administered by i.p. 
injection as previously described (37, 57).
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Flow cytometry and cell sorting. Single-cell suspensions were prepared from 
spleen and lymph nodes. 106 cells were preblocked with anti-mouse CD16/
CD32 and stained with different antibody combinations. Intracellular 
staining was performed according to standard procedures. Flow cytomet-
ric analysis was performed on a BD FACS LSR II instrument and DIVA or 
FlowJo software. Cell sorting was done using a FACSAria cell sorter (BD) 
after enrichment of splenocytes for CD4+ T cells using the EasySep Mouse 
CD4+ T cell Pre-Enrichment Kit from Stem Cell Technologies.

Real-time RT-PCR. Total RNA was extracted from flash-frozen colonic or 
lung tissue sections and reverse transcribed using the RNeasy Mini Kit and the 
QuantiTect Reverse Transcription Kit from QIAGEN, respectively. Real-time 
PCR was performed in duplicate on an ABI 7300 Light Cycler using TaqMan  
probes from Applied Biosystems. Samples were normalized to β-actin.

Adoptive transfer. For studies in Figure 2, A and B, total CD4+ cells were 
FACS sorted from FIR mice, and the percentage of FoxP3+RFP+ cells was 
determined after sorting. Total CD4+ cells containing 106 FoxP3+ cells were 
adoptively transferred i.v. into Cd74–/– or Cd4–/– mice on day –2. On day 
0, mice were treated with 4C12 antibody or isotype control. For studies 
in Figure 4, 2 × 106 FACS-sorted CD4+FoxP3– or CD4+FoxP3+ cells from 
CD45.2+ FIR mice were adoptively transferred via i.v. injection into CD45.1 
congenic SJL mice; 1 day later, 10 μg 4C12 was administered by i.p. injec-
tion. The expansion of transferred cells was followed by FACS daily (start-
ing after 3 days) in peripheral blood cells.

In vitro suppression assays. CD4+CD25– cells (1 × 105) were plated in 96-well 
round-bottomed plates and activated with 2 μg soluble anti-CD3 (2C11) 
antibody in the presence or absence of APCs (1:1 ratio) and CD4+FIR+ Tregs at 
different ratios. Control IgG, 4C12, or DTA1 antibodies were added as indi-
cated at a concentration of 10 μg/ml. Cultures were incubated for 72 hours  
and pulsed with 3H-thymidine (1 μCi/well; Perkin Elmer) for the last 6 hours.  
Incorporated isotope was measured by liquid scintillation counting (Micro 
Beta TriLux counter; Perkin Elmer).

Allergic asthma induction. Mice were sensitized by i.p. injection of 66 μg OVA 
(crystallized chicken egg albumin, grade V; Sigma-Aldrich) adsorbed to 6.6 mg  
alum (aluminum potassium sulfate; Sigma-Aldrich) in 200 μl PBS on day 0, 
with a i.p. boost on day 5. On day 12, mice were injected i.p. with either 20 μg  
anti-TNFRSF25 agonistic antibody 4C12 or 20 μg goat anti-hamster IgG 

isotype control (Jackson ImmunoResearch Laboratories Inc.) in 200 μl PBS. 
On day 16, mice were aerosol challenged with 0.5% OVA (Sigma-Aldrich) in 
PBS for 1 hour using a BANG nebulizer (CH Technologies) into a Jaeger-
NYU Nose-Only Directed-Flow Inhalation Exposure System (CH Technolo-
gies). On day 19, mice were sacrificed, lungs were perfused with PBS, and 
bronchoalveolar lavages were obtained. Lung lobes were processed for RNA, 
for flow cytometry analysis, or for lung histology as described previously (3). 
Draining bronchial lymph nodes were also procured for subsequent RNA 
analysis as well as flow cytometry analysis. Quantification of periodic acid-
Schiff–stained (PAS-stained) lung sections was performed using MacBio-
photonics Image J software by color deconvolution (using the H PAS vector) 
followed by thresholding of images (color “2,” set to 100) and counted using 
the nucleus counter (limits set between 100 and 1,000).

Statistics. All graphing and statistical analysis were performed using ABI 
Prism. Paired analysis was performed using 2-tailed Student’s t test. Mul-
tiple variable analysis was performed using 1-way ANOVA and Tukey post-
test. A P value less than 0.05 was considered significant.
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