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Abstract
Regulatory Foxp3+ T cells are a critical cell population that suppresses T cell activation in
response to microbial and viral pathogens. We identify a cell-intrinsic mechanism by which
effector CD4+ T cells overcome the suppressive effects of Treg cells in the context of three
distinct infections, Toxoplasma gondii, Listeria monocytogenes, and vaccinia virus. The acute
responses to the parasitic, bacterial, and viral pathogens resulted in a transient reduction in
frequency and absolute number of Treg cells. The infection-induced partial loss of Treg cells was
essential for the initiation of potent Th1 responses and for host protection against the pathogens.
The observed disappearance of Treg cells was a result of insufficiency in IL-2 caused by the
expansion of pathogen-specific CD4+ T cells with a limited capacity of IL-2 production.
Exogenous IL-2 treatment during the parasitic, bacterial, and viral infections completely prevented
the loss of Treg cells, but restoration of Treg cells resulted in a greatly enhanced susceptibility to
the pathogens. These results demonstrate that the transient reduction in Treg cells induced by
pathogens via IL-2 deprivation is essential for optimal T cell responses and for host resistance to
microbial and viral pathogens.

Introduction
Foxp3+ T regulatory (Treg) cells exert pleiotropic immunoregulatory effects essential for
immune homeostasis, the prevention of autoimmunity and the regulation of pathogen-
induced inflammatory reactions (1). The transcription factor Foxp3 controls Treg cell
development and function, and deficiency in the Foxp3 gene results in hyperactivation of
CD4+ T cells, overproduction of proinflammatory cytokines, and massive multiorgan
pathology (2-3). It was initially thought that the functions of Treg cells were limited to the
control of immune responses to autoantigens, but later studies demonstrated that regulatory
T cells also exert suppressive effects on the immune responses to tumors (4) and infectious
antigens (5-6). These and other studies formally established that Treg cells have profound
effects on immunity towards pathogens (7). A number of distinct suppressive mechanisms
by which Treg cells target antigen-presenting cells, in particular dendritic cells, and T
lymphocytes have been identified (8). The dominant suppressor functions of Treg cells
present a serious obstacle in the establishment of robust protective immunity toward
pathogens; several studies with bacterial, viral, or parasitic infections formally demonstrated
that Treg cells restrict the efficiency and magnitude of T cell responses, which results in an
increased pathogen burden (9-11). Some studies have also revealed that by limiting immune
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responses to an infectious agent, Tregs minimize tissue damage and potentiate a rapid
pathogen clearance (12-13). Importantly, the potential reciprocal interactions between
effector and Treg cells during the initiation of immune responses are not completely
understood.

In this report, we establish a CD4+ T cell-intrinsic mechanism for overcoming the
suppressive effects of Treg cells upon the induction of protective T cell responses in the
context of three distinct infections, Toxoplasma gondii, Listeria monocytogenes, and
vaccinia virus. We observed that the acute responses to the investigated infectious agents
resulted in the dramatic loss of Treg cells. This infection-induced reduction of Treg cells
was essential for the initiation of potent Th1 responses and for host protection against the
parasitic, bacterial, and viral infections. Furthermore, we identified a mechanism responsible
for the transient disappearance of Treg cells. We observed that the pathogen-induced
expansion of effector T cells was associated with a limited amount of available IL-2. The
lack of this growth factor, which is known to be essential for Treg cell development and
survival (14), resulted in the loss of Treg cells during the acute response to the pathogens.
The infection-induced Treg cell deficiency was completely prevented by treatment with
exogenous IL-2 during the course of the experimental diseases. However, the restoration of
Treg cells by IL-2 treatment had a negative impact on the induction of Th1 responses and
resulted in greatly enhanced susceptibility to the microbial and viral pathogens. Taken
together, our results establish that the pathogen-induced transient reduction in Treg numbers
caused by IL-2 insufficiency is essential for optimal effector CD4+ T cell responses and host
resistance to the parasitic, bacterial, and viral pathogens. Furthermore, because the observed
loss of Treg cells was transient and incomplete, it enhanced the protective immune
responses to pathogens, but it did not result in severe immunopathology. Our results also
suggest that thymus-derived Treg cells, rather than those that develop through peripheral
conversion, have a major role in Treg reconstitution following the acute response to
microbial pathogens.

Materials and Methods
Animals

C57BL/6 mice were obtained from the University of Texas Southwestern (UTSW) Medical
Center Mouse Breeding Core Facility. B6.Cg-Foxp3tm2Tch/J (Foxp3EGFP) mice were
obtained from the Jackson Laboratory. All animals used were age- and sex-matched and
maintained in the SPF barrier facility at the University of Texas Southwestern Medical
Center at Dallas. All experiments were performed using protocols approved by the
Institutional Animal Care and Use Committees of the UTSW Medical Center.

Parasitic, bacterial, and viral infections
Mice were infected intraperitoneally (IP) or orally with an average of 20 T. gondii (ME49
strain) cysts as previously described (15). For infection of mice with L. monocytogenes, log-
phase cultures of L. monocytogenes (10403 serotype) were washed twice and diluted in PBS
to the desired concentration. L. monocytogenes was injected in the lateral tail vein at 104

CFU per mouse. Vaccinia virus was injected in the lateral tail vein at a dosage of 106 PFU
per mouse.

IL-2 treatment
Recombinant IL-2 and the anti-mouse IL-2 monoclonal antibody (Clone JES6-1A12) were
purchased from eBioscience. The IL-2/anti IL-2 complex was prepared as described
previously (16) with a few minor modifications: 50 μg anti-IL-2 antibody was mixed with
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1.5 μg IL-2 in 200 μl PBS 15 minutes prior to intraperitoneal injection on days 3 and 5 post-
infection with T. gondii, L. monocytogenes, or vaccinia virus.

Flow cytometry and ELISA
On days 3, 5, 7, 10, 14 and 15 post-infection the animals were necropsied, and their spleens
and mesenteric lymph nodes were harvested for the analysis of Treg cells by flow
cytometry. Cells were stained in ice-cold FACS buffer (PBS supplemented with 2 mM
EDTA, 1% heat-inactivated FCS, and 0.02% sodium azide). Analyses of intracellular
cytokine expression were performed on splenocytes restimulated with 0.5 μg/ml αCD3 (BD
Biosciences) for 5 hr in the presence of GolgiPlug (Brefeldin A, BD Biosciences). After in
vitro restimulation, cells were washed once in FACS buffer, stained with PerCP-Cy5.5-
labeled anti-CD4 mAb or anti-CD8 mAb, and fixed for 40 min in BD Cytofix/Cytoperm.
Cells were then stained using fluorochrome-conjugated antibodies according to the
manufacturer's protocol (BD Biosciences). In short, after incubation in the permeabilization
buffer supplemented with anti-FcγRII/III mAb (2.4G2; 5 μg/ml) at 4°C, cells were stained
for 30 min with FITC-labeled anti-TNF, PE-labeled anti-IL-2, and APC-labeled anti-IFN-γ
mAb (BD Biosciences), washed three times, and resuspended in PBS plus 1% FBS. Cell
fluorescence was measured using a FACSCalibur or LSRII flow cytometer, and data were
analyzed using FlowJo software (Tree Star; Ashland, OR).

Flow cytometric analysis of CD4+Foxp3+ regulatory T cells was performed using the
mouse/rat Foxp3 Staining Set (eBioscience) as recommended by the manufacturer.

The ALDH-positive cells were detected using an ALDEFLUOR staining kit (StemCell
Technologies). Splenocytes from naïve and infected mice were incubated in the dark for 35
minutes at 37°C in the ALDEFLUOR assay buffer containing the activated ALDEFLUOR
substrate, with or without the ALDH inhibitor diethylaminobenzaldehyde (DEAB). Cells
were subsequently stained using the CD11b-, CD11c-, and Gr1-specific antibodies (BD
Biosciences) and were analyzed on a LSRII flow cytometer. Naïve GFP-(Foxp3-) CD4+ T
cells were sort-purified from the spleen of the Foxp3EGFP (B6.Cg-Foxp3tm2Tch/J) mice.
Sort-purified GFP-(Foxp3-)CD4+ T cells (105 cells/well) were co-cultured with ALDH
+CD11b+CD11c- or CD11c+ cells (2×104 cells per well) in the presence of an αCD3 mAb
(0.5 μg/ml) (BD Bioscience). In some experiments, ALDH+CD11b+CD11c- and CD11c+
cells were mixed together with the GFP-CD4+ T cells. TGF-β (3 ng/ml) and IL-2 (5 ng/ml)
were purchased from eBioscience. After 3 days of culture, Foxp3 expression was measured
by flow cytometry. The data were analyzed using FlowJo software (Tree Star).

IL-2 and IFN-γ in culture supernatants were measured by ELISA using commercially
available kits (R&D Systems for IFN-γ and eBiosciences for IL-2).

Reverse-Transcription Polymerase Chain Reaction
RNA was isolated from splenocytes, sort or magnetic beads (Miltenyi Biotec) purified
CD4+, CD8+, CD4+ Foxp3EGFP cells with The PureLink™ RNA Mini Kit (Invitrogen).
cDNA was prepared using the SuperScript III kit (Invitrogen). Optimized primers targeting
each gene (foxp3: 5-ttcatgcatcagctctccac-3, 5-ctggacacccattccagact-3; il2: 5-
atgcagctcgcatcctgt-3, 5-ggagctcctgtaggtccatc-3; ifng: 5-actggcaaaaggatggtgac-3, 5-
tgagctcattgaatgcttgg-3; cd25: 5-agaacaccaccgatttctgg-3, 5-agctggccactgctacctta-3; and hprt
(5gcccttgactataatgag tacttcagg-3 5-ttcaacttgcgctcatcttagg-3) were designed using the Primer
3 software. cDNA was amplified with Power SYBR Green master mix (Applied
Biosystems). The MyiQ Real-Time PCR Detection System (BioRad) was used to obtain Ct
values. The relative expression of each sample was determined after normalization to HPRT
using the the ddCt Method.
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Statistical analysis
All data were analyzed with Prism (Version 5; GraphPad). Data were considered statistically
significant for P values less than 0.05 using a two-tailed t-test.

Results
Acute responses to parasitic, bacterial and viral infections result in the transient loss of
Treg cells

Treg cells are involved in the potent regulation of the immune responses to a variety of
microbial pathogens. For this reason, we investigated the interactions between the induction
of protective T cells and that of regulatory Foxp3+ CD4+ T cells in the context of infection
with three distinct pathogens, the parasite T. gondii, the Gram-positive bacteria L.
monocytogenes, and vaccinia virus.

T. gondii is a protozoan parasite that stimulates potent and rapid Th1-biased CD4+ T cell
immune responses (17). A protective immune response to this pathogen requires a delicate
balance between proinflammatory effector mechanisms, primarily regulated by the TLR-
dependent activation of MyD88, and concomitant induction of an anti-inflammatory
program (17-18). Lack of either of these mechanisms results in high susceptibility to this
parasite, as is evident from the rapid mortality observed in T. gondii-infected MyD88-/- and
IL-10-/- mice (19-21). Because Treg cells have an important role in the limitation of T cell
responses, we investigated the reciprocal interactions between IFN-γ+ CD4+ T cells and
regulatory Foxp3+ CD4+ T cells during the acute response to T. gondii. We observed that
systemic infection with the parasite resulted in a dramatic reduction in the frequency of
Foxp3+ CD4+ T cells by days 5-7 post-infection (Figures 1A, D). As is evident from
Figures 1A and 1D, the observed loss of Treg cells during T. gondii infection was transient,
and Treg cells recovered by the end of the acute response to the parasite. In addition, the
remaining Treg cells expressed reduced levels of Foxp3, when compared to naïve controls
(Figure 1A).

The relative loss of Foxp3+CD4+ T cells in the T. gondii infected mice was also observed
during the analysis of Foxp3 mRNA expression in splenocytes and isolated CD4+ T cells
(Figure 1B). We observed a substantial reduction in the amount of Foxp3 mRNA seen in
splenocytes and purified CD4+ T cells isolated from T. gondii infected mice when compared
to their naïve controls (Figure 1B). In addition, a reduction of Foxp3 mRNA levels in the
Treg cells themselves was observed in the T. gondii infected mice (Figure 1B). The later
observation was consistent with the flow-cytometry data demonstrating that infection with
the parasite resulted not only in the loss of Treg cells, but also in reduced levels of Foxp3
seen in the infected mice, Figure 1A.

To examine the possibility that the observed loss of Treg cells was an artifact of the
experimental intraperitoneal infection with the parasite, we next used a natural (oral) route
of T. gondii infection. Using the oral route of infection, we observed a similar progressive
and transient partial depletion of Treg cells (Figures 1C and 1D). Thus, infection with the
protozoan parasite resulted in the transient reduction in frequency of Treg cells during the
acute response to the pathogen independently of the route of infection (Figures 1A-D).

Because the Treg cell loss closely coincided with the peak of the CD4+ T cell response
against T. gondii, the observed decrease in the frequency of CD4+Foxp3+ Treg cells
measured by flow-cytometric or Foxp3 signals detected by PCR approaches could be
explained by the expansion of pathogen-specific effector CD4+ T cells. In order to address
this possibility, we performed an absolute quantification of CD4+Foxp3+ and CD4+IFN-γ+
T cells during the course of the parasitic infection. The quantification of Treg cells in mice
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infected intraperitoneally or orally with the parasite revealed that Treg cells (Figure 1E)
were almost undetectable at the peak of the CD4+ T cell response against T. gondii (Figure
1F), formally demonstrating that T, gondii infection results in both absolute and relative loss
of Treg cells. In addition, we also observed that the disappearance of Treg cells was not
limited to the spleen but was also seen in all tissues examined (data not shown).

We next investigated whether the observed transient depletion of Treg cells is unique to the
infection with the protozoan parasite T. gondii or whether it is a common feature of acute
immune responses to microbial and viral pathogens. As a model bacterial pathogen we
selected L. monocytogenes, a Gram-positive bacterium that is responsible for severe disease
in immunocompromised humans. Host resistance to this pathogen depends on an intact
innate immune system and requires potent IFN-γ production by T cells (22). Similar to our
observations after infection with T. gondii, mice challenged with L. monocytogenes
demonstrated a dramatic reduction of Treg cells, and this reduction had similar kinetics to
those observed during the parasitic infection (Figure 2A). Similar to the T. gondii-induced
Treg cell loss, the depletion of Treg cells triggered by infection with L. monocytogenes was
transient, and the Treg cell frequency returned to the levels typically seen in naïve animals
within 10-14 days post-infection (Figure 2A).

Furthermore, we also observed that infection with vaccinia virus also resulted in the
transient and systemic depletion of Treg cells (Figure 2B). The kinetics of the Treg cell
disappearance and recovery closely resembled those observed in T. gondii or L.
monocytogenes-infected mice (Figures 1 and 2). In all of the experimental infections (with
the viral, bacterial, or parasitic pathogens), we observed that Treg cell depletion peaked by
day 7 post-infection. Intriguingly, the loss of Treg cells was transient, and their frequency
was largely restored within two weeks of the infection (Figures 1-2).

Quantifications of Treg cells in L. monocytogenes and vaccinia virus infected mice formally
established that both infection resulted in absolute reduction of Treg cells (Figure 2C).
Because both L. monocytogenes and vaccinia virus result in the expansion of effector CD4+
and CD8+ T cells, (Figure 2C), both infections caused a profound Treg cell insufficiency
during the acute responses to these pathogens.

Activation of Toll-like receptors is not required for Treg cell disappearance
It has been previously established that the innate recognition of pathogens by TLRs can
overcome the suppressive effects of Treg cells. The activation of TLRs on antigen-
presenting cells results in the production of soluble factors, including IL-6, which render
effector CD4+ T cells resistant to the suppressive effects of Treg cells (23). TLR activation
on Treg cells can result in the elimination of the immunosuppressive effects of this cell
population (24-26). TLR activation in effector T cells modulates CD4+ and CD8+ T cell
responses (27-29). During T. gondii infection, we previously established that TLR11 is a
major innate immune sensor for the parasite that coordinates CD4+ T cell responses to the
pathogen (18). We thus investigated whether TLR11 activation was required for the
depletion of Tregs during acute toxoplasmosis. We observed that similar to their WT
counterparts, mice deficient in TLR11 demonstrated a progressive loss of Treg cells during
both the systemic and mucosal responses to the parasite (Figure S1). The only differences
between WT and TLR11-deficient mice were the slightly delayed kinetics and reduced
magnitude of the disappearance of Tregs in TLR11-/- mice. Furthermore, the analysis of T.
gondii-infected TLR2-, TLR4-, TLR2×TLR4-, and TLR9-deficient animals revealed that
none of the examined TLRs were responsible for the loss of Treg cells during parasitic
infection (data not shown). Taken together, our results suggest that TLR activation is
dispensable for the infection-driven loss of Treg cells.
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Pathogen-specific CD4+ T cells produce limited amounts of IL-2
We next determined the mechanism that was responsible for the disappearance of Treg cells
during the course of parasitic, bacterial, and viral infections. We observed that the loss of
Treg cells was independent of their proliferation status. During T. gondii infection, only a
small fraction of Foxp3+ T cells was also positive for the proliferation marker Ki67 in
infected WT mice, while Treg cells actively divided in mice infected with L. monocytogenes
or vaccinia virus (Figure S2 and data not shown). Nevertheless, all three infections resulted
in a similar loss of Foxp3+ T cells. We thus hypothesized that the infection-driven depletion
of Treg cells was a result of a lack of a survival factor(s) essential for Treg cell maintenance.

Among various growth factors, IL-2 has an important role in the regulation of T cell
function (30). While IL-2 is essential for T cell proliferation in vitro, a central function for
IL-2 in vivo is the regulation of Treg cell development and survival (14). The lack of IL-2 or
of the components of the IL-2 receptor results in a dramatic reduction in Treg cells in the
thymus and in the periphery (14). We thus analyzed the effects of the parasitic, bacterial,
and viral infections on the production of IL-2 by pathogen-specific CD4+ T cells.

WT animals were infected with T. gondii using an intraperitoneal or oral route, and
intracellular staining for IFN-γ, TNF, and IL-2 was used to identify fully activated T. gondii-
specific T cells. As previously reported (15, 17), T. gondii infection resulted in the rapid
induction of CD4+ T cells producing high amounts of IFN-γ and TNF independently of the
route of infection (Figures 3A and S3). In striking contrast, T. gondii-specific CD4+ T cells
were largely deficient in the production of IL-2 (Figures 3B-3C, S3A-S3C). Real-time PCR
based gene expression analysis also revealed a reverse correlation between expression of
IL-2 and IFN-γ genes. We observed that T. gondii infections resulted not only in induction
of IFN-γ Figure 3D), but also in the dramatic loss of IL-2 signals measured in purified T
cells or bulk splenocytes isolated from infected mice (Figure 3E). These observations were
also confirmed by an ELISA assay that demonstrated a reduced amount of IL-2 detected in
splenocytes from the infected mice (Figure 3F and S3D). Furthermore, T. gondii infection
resulted in the upregulation of CD25, a high affinity subunit of IL-2R, on the activated T
cells (Figures 3G and S3E). These results suggest that the acquisition of IFN-γ secreting
ability during T. gondii infection was associated with increased consumption of IL-2
coupled with reduced production of this cytokine.

Intracellular staining was next used to detect IFN-γ and IL-2 proteins during the course of L.
monocytogenes and vaccinia virus infections. Similar to infection with the parasite, infection
with the bacterial or viral pathogen also resulted in a high frequency of CD4+IFN-γ+ T cells
(Figure 4A-B). At the same time, only a small fraction of activated CD4+ T cells produced
high levels of IL-2 (Figure 4A-B). Real-time PCR (Figure 4C) and ELISA (Figure 4D)
methods also confirmed the flow-cytometric observation regarding the loss of IL-2
expression and acquisition of IFN-γ production during the acute responses to the pathogens.

Taken together, our results suggest that the effector phenotype during acute responses to T.
gondii, L. monocytogenes, and vaccinia virus is associated with a limited ability to produce
IL-2.

Rescue of Treg cells by IL-2 negatively regulates the host resistance to microbial and viral
infections

We next investigated whether the limited production of IL-2, coupled with the expansion of
pathogen-specific T cells, is responsible for the infection-induced loss of Treg cells. This
hypothesis is based on previous experiments which revealed high sensitivity of Treg cells to
the decreased availability of IL-2, as well as our observation regarding limited amounts of
IL-2 produced by pathogen-specific CD4+ Tcells (Figures 3 and 4). To directly examine this

Benson et al. Page 6

J Immunol. Author manuscript; available in PMC 2013 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



possibility, we determined whether exogenous treatment with IL-2 would prevent the
disappearance of Treg cells caused by the microbial and viral infections.

Animals infected with T. gondii, L. monocytogenes, or vaccinia virus were additionally
treated with an IL-2/anti-IL-2 complex, which is known to increase the biological activity of
the cytokine (16). As is evident in Figure 5, IL-2 supplementation during the course of all of
these infections prevented the disappearance of Treg cells. IL-2 treatment completely
prevented the loss of Treg cells triggered by T. gondii infection (irrespective of the route of
infection) in the spleen (Figures 5A-5C) and in all of the examined tissues (data not shown).
Similarly, IL-2 treatment of L. monocytogenes- or vaccinia virus-infected mice prevented
the loss of Treg cells (Figures 5D-F). These results suggested that insufficiency of IL-2 is a
major cause of the loss of Treg cells triggered by the parasitic, bacterial, and viral
pathogens.

We next investigated the effects of Treg cell reconstitution on the induction of host
resistance to T. gondii, L. monocytogenes, and vaccinia virus. We observed that IL-2
treatment of T. gondii-infected mice dramatically reduced the ability of CD4+ T cells to
acquire a Th1 phenotype, a hallmark of the immune response to this parasite (Figures 6A).
Furthermore, the reconstitution of Treg cells resulted in increased mortality of the infected
mice compared with WT animals without IL-2 treatment (Figure 6B). These results strongly
suggest that the infection-triggered depletion of Treg cells is essential for establishing a
protective Th1 response during the acute response against the parasite. We also observed
that in WT mice that survived the acute phase of toxoplasmosis, a short treatment with IL-2
at the initial phase of the adaptive immune response to the parasite resulted in an enhanced
brain cyst load during the chronic phase of the infection (Figure 6B).

Similar to the results obtained with T. gondii-infected mice, we observed that in vivo IL-2
treatment impaired Th1 responses to L. monocytogenes and enhanced susceptibility to the
pathogen (Figure 6C). While mock or untreated WT animals completely cleared L.
monocytogenes by day 7 post-infection, animals that maintained the Treg cell population as
a result of IL-2 treatment contained high numbers of bacteria (Figure 6C). IL-2 treatment
and Treg cell reconstitution in vaccinia virus-infected animals also had a major negative
impact on the clearance of the virus (Figure 6D).

Regeneration of Treg cells during microbial infection
Deficiency in IL-2 or Treg cells results in a fatal autoimmune disease affecting multiple
organs (1, 14). In contrast, infection-induced loss of Treg cells was transient and even
beneficial for the induction of pathogen-specific immune responses (Figure 6). These
observations suggest that mechanisms are in place that regulate Treg cell recovery following
acute responses to pathogens. Because Treg cells can either originate from the thymus or
develop as a result of peripheral conversion from naïve T cells (1), we investigated the
relative contribution of these mechanisms in the restoration of Treg cells.

The de novo induction of Treg cells in the periphery critically depends on the vitamin A
metabolite retinoic acid, and cells expressing the aldehyde dehydrogenase (ALDH) enzymes
are known to have a major role in the generation of inducible Treg cells (31). We used flow
cytometry to analyze ALDH-expressing cells during the course of T. gondii infection. While
only a small number of cells expressed ALDH under steady-state conditions, we observed a
rapid accumulation of ALDH+ cells in the spleen of infected animals during the acute
response to the parasite (Figures 7A and S4). The ALDH-positive cells also expressed
CD11b and Gr1, but not CD11c, surface markers (Figure S4 and data not shown).
Intriguingly, the highest numbers of ALDH+ cells were detected in the T. gondii-infected
mice at the start of Treg cell reconstitution (Figures 7 and S4). To examine whether the
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infection-induced ALDH+ cells were responsible for the restoration of the Treg cell pool,
we evaluated the capacity of CD11b+ALDH+ cells to generate Tregs in vitro from Foxp3-
negative CD4+ T cells. Non-Treg naïve CD4+ T cells were isolated from Foxp3-GFP mice
and were incubated with sorted ALDH+CD11b+CD11c- cells alone or with the addition of
recombinant IL-2 and TGF-β (Figure 7B). For comparison, we also isolated CD11c+ DC
from the same mice and analyzed the Treg cell conversion ability of these cells alone or in
the combination with ALDH+ cells. We observed that ALDH+ cells alone or those co-
cultured with DC failed to induce Treg cells in the absence of TGF-β. The addition of this
cytokine to the culture of DC (CD11c+MHCII+ALDH-) or ALDH+CD11b+CD11c- cells
dramatically enhanced the ability of both cell populations to induce Treg cells (Figure 7B).
The addition of exogenous IL-2 resulted in a further increased generation of Treg cells.
Nevertheless, under all tested conditions, ALDH+ cells were not superior to ALDH- DC in
the conversion of Foxp3-negative CD4+ T cells into Foxp3-positive lymphocytes (Figure
7B). Furthermore, the efficient induction of Treg cells by ALDH+CD11b+ and CD11c+
cells was in part dependent on IL-2 (Figure 7B), arguing against the possibility that the
peripheral induction of Treg cells could compensate for the loss of Treg cells that results
from infection-induced IL-2 insufficiency.

We next analyzed whether an increased production of Treg cells in the thymus could have a
role in the reconstitution of Treg cells after the acute response to parasitic infection. We first
observed that while the frequency of thymic Treg cells was reduced in T. gondii-infected
mice (Figures 8A, 8B), their loss was less prominent when compared with Treg cells in the
periphery (Figure 1). Intriguingly, at the peak of peripheral Treg cell loss (day 7, Figure 1),
we observed a relative expansion of thymic Foxp3+ cells that also expressed Ki67, a marker
of recently divided cells (Figures 8A, 8C). Importantly, the thymic Treg cells rapidly
recovered in both their absolute number and their frequency after the parasitic infection
(Figures 8B, 8D), suggesting that thymus-derived Treg cells, rather than the peripheral
induction of Foxp3+ CD4+ T cells, have a major role in Treg cell recovery following the
acute response to the pathogen.

Discussion
Treg cells expressing the transcription factor Foxp3 contribute to the dominant control of
self-reactive T cells, thus contributing to the maintenance of immunologic self-tolerance (1,
8). Solid evidence from experimental animals and clinical observations have demonstrated
that the expansion and accumulation of these immunosuppressive cells correlates with
advanced tumor growth and predicts poor prognosis during infectious diseases. Treg cells
not only prevent the induction of tumor- or pathogen-specific CD4+ and CD8+ T cell
responses but also limit the efficacy of vaccinations and other therapeutic interventions (1).

The effect of Treg cells in the context of host-pathogen interactions has been particularly
extensively studied during chronic infectious diseases. In a model of cutaneous
leishmaniasis, Treg cells are responsible for the suppression of effector T cells and the
establishment of a persistent parasitic infection (5). The removal of Treg cells during
malaria infection limited the expansion of the parasite and prevented the host from
developing cerebral malaria (6, 9). The immunosuppressive effects of Treg cells are not
limited to parasitic diseases. The depletion of Treg cells greatly enhanced anti-viral
responses during HIV and SIV infections (32-34). Similarly, failure to control hepatitis B
and C viruses correlated with a high frequency of Treg cells (35). An important role for Treg
cells in the progression of mycobacteria infection has also been demonstrated (10).

A role for Treg cells during the initiation of acute responses to pathogens is less clear. The
profound inhibitory effects of Treg cells on the priming of pathogen- or model antigen-
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specific T cells have been well characterized (8). The experimental depletion of Treg cells
resulted in greatly enhanced Th1 and Th2 responses and formally demonstrated a major role
for Treg cells in the prevention of effector T cell activation (36, 37). What is not clear is
how T cell responses are initiated in the presence of Treg cells in vivo. One mechanism of
the modulation of the suppressive effects of Tregs depends on the activation of TLRs on DC
and other antigen-presenting cells (APC) (38). Because TLRs are involved in the recognition
of all known groups of pathogens, including viruses, bacteria, fungi, and protozoa, TLR-
dependent inhibition of the suppressive effects of Treg cells can coordinate the immune
responses to all groups of microorganisms. More recent studies revealed that in addition to
APC, murine and human Treg cells express high levels of several TLRs, but the effects of
TLR activation on Treg cells remain controversial. For example, TLR5 activation by
flagellin increases the suppressive activity of Tregs (39). However, triggering of TLR8 on
Treg cells results in the abrogation of their suppressive functions (24). The positive and
negative effects of TLR2 activation on Treg cells depend on the nature of the TLR2 agonist
(29). Similarly, TLR4 can both enhance and suppress Treg cell functions (40-41). In this
report, we identified a distinct self-regulated mechanism that allows effector T cells to avoid
the suppressive effects of Treg cells. Importantly, this mechanism does not require TLR-
mediated recognition of the pathogen but depends on the tight regulation of IL-2
availability.

We observed that the acute immune response to three distinct pathogens, T. gondii, L.
monocytogenes, and vaccinia virus, resulted in the transient and systemic partial loss of Treg
cells. The disappearance of Treg cells did not require TLR activation but rather correlated
with the degree of effector T cell activation and the inability of the activated CD4+ T cells to
produce IL-2. We observed that the rapid expansion of pathogen-specific Th1 CD4+ T cells
resulted in a transient insufficiency of IL-2. Because IL-2 has a dominant role in Treg cell
development and in the regulation of the suppressive functions of Tregs (14), infection-
induced insufficiency in IL-2 assures the loss of Treg cells during the initiation of pathogen-
specific T cell responses. Our observations established that in contrary to the previous
models in which deprivation of IL-2 was proposed to be a mechanism by which Treg cells
could control effector T cells (42), limited amounts of IL-2 have more profound effects on
Treg cells. Most importantly, we observed that the transient loss of Treg cells was essential
for optimal host resistance to all of the tested pathogens, T. gondii, L. monocytogenes, and
vaccinia virus. Prevention of the transient loss of Treg cells by treating the infected animals
with IL-2 resulted in impaired pathogen-specific responses and, in the case of parasitic
infection, was responsible for the high mortality of the infected mice. While Treg cell
reconstitution did not result in mortality of vaccinia virus-infected mice, and only a small
fraction of L. monocytogenes-infected animals died after Treg cell reconstitution, a dramatic
elevation of the pathogen loads was observed in all of the experimental infections. This
enhanced susceptibility to viral and microbial infection correlated with impaired IFN-γ
production by effector T cells.

A recent report from Belkaid and colleagues revealed that the mucosal responses to T.
gondii are characterized by the disappearance of Treg cells, which causes lethal intestinal
and liver pathology (13). While we also observed that Treg cell reconstitution by IL-2
reduced the damage caused by the exaggerated immune responses to the parasite, several
lines of evidence suggest that the main function for the transient loss of Treg cells is to
enhance Th1 responses to pathogens. First, we established that T. gondii is not a unique
pathogen in its ability to cause the loss of Treg cells. Mice infected with L. monocytogenes
or vaccinia virus demonstrated a similar loss of Treg cells, but these bacterial and viral
infections do not cause severe intestinal damage. Furthermore, we observed that systemic
(intraperitoneal) infection with T. gondii also resulted in the IL-2 dependent disappearance
of Treg cells, similar to that observed during the mucosal responses to the parasite. Because
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the intestinal pathology is triggered during mucosal, but not systemic, responses to the
parasite, we conclude that while the infection-induced transient loss of Treg cells contributes
to the pathological response, it is not sufficient for the initiation of the intestinal
immunopathology. Indeed, we previously reported that TLR11-deficient animals are
protected from T. gondii-induced ileitis (15), but TLR11 activation was not required for the
infection-induced loss of Treg cells. These results suggest that the observed transient loss of
Treg cells caused by microbial infection has a distinct biological function. We propose that
the loss of Treg cells caused by the limited ability of the pathogen-specific CD4+ T cells to
produce IL-2 is an important regulatory mechanism that is essential for host resistance to
microbial infections.

Ablation of Treg cells is not always beneficial for the acute response to pathogens. In the
context of mucosal herpes simplex virus infection, the ablation of Treg cells accelerates fatal
infection associated with increased viral loads in the mucosa and central nervous system
(12). This is because a complete lack of Treg cells results in uncoordinated responses to the
virus, characterized by an exaggerated inflammatory reaction without the sufficient number
of NK cells, DC, and T cells required for protection of the host against the herpes simplex
virus infection. Similarly, the complete depletion of Tregs results in impaired RSV clearance
in the lung, which is associated with a delay in the recruitment of RSV-specific CD8+ T
cells (43). These studies clearly demonstrate that the complete and prolonged ablation of
Treg cells can be detrimental not only because of fatal autoimmune reactions, but also
because of uncoordinated pathogen-specific immune responses.

Our results revealed that T. gondii, L. monocytogenes and vaccinia virus caused a transient
and incomplete infection-induced Treg cell depletion. The rapid recovery of Treg cells
correlated with the enhanced replication of thymic Foxp3+CD4+ T cells, suggesting that
thymus-derived Treg cells have a major role in the restoration of Treg cells in the periphery.
In addition, we observed that thymic Treg cells were more resistant to the infection-induced
IL-2 deprivation, and our results are consistent with previous publications that established
that in the absence of an IL-2 signal, the thymic production of Foxp3+CD4+ T cells was
only partially reduced, indicating that thymic Treg cells are less sensitive to IL-2 deficiency
(44-45). In summary, we observed that parasitic, bacterial, and viral pathogens caused a
prominent and transient loss of Treg cells. The infection-induced expansion of effector T
cells was associated with a limited amount of IL-2 produced by activated CD4+ T cells, and
the deficiency in this cytokine was responsible for the infection-triggered loss of Tregs. Our
results revealed that the naturally occurring partial depletion of Treg cells is essential for
establishing protective immunity to T. gondii, L. monocytogenes and vaccinia virus and
suggest a mechanism that regulates adaptive immunity to pathogens that depends on the
homeostatic IL-2-based interactions between effector and regulatory CD4+ T cells.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The acute response to T. gondii results in the transient loss of Treg cells.
WT mice (five animals per group) were infected intraperitoneally with an average of 20 T.
gondii strain ME49 cysts per mouse, and (A) the frequency of Treg cells defined as
CD4+Foxp3+ cells was analyzed in the spleen of the infected and control (d0) mice at the
indicated number of days post-infection. (B) Foxp3 expression levels were analyzed in
splenocytes (left graph), isolated CD4+ T cells (central graph), or sort-purified
CD4+Foxp3+ T cells (right) isolated from naïve or T. gondii infected mice (day 7 post
infection) by real-time PCR. All the data were normalized to the expression level seen in
sort-purified CD4+CD44-Foxp3- naïve T cells. The data shown are the mean ± SD. (C) WT
mice were infected orally with an average of 20 T. gondii strain ME49 cysts per mouse, and
the frequency of Treg cells was analyzed in the spleen of the infected mice at the indicated
number of days post-infection. (D) Average frequency of Foxp3+ cells in the spleens of
mice infected intraperitoneally (filled circles) or orally (open circles). (E) Absolute
quantification of Treg cells in the spleens of mice infected intraperitoneally (filled circles) or
orally (open circles) with the parasite. The data shown are representative of five independent
experiments. (F). Absolute quantification of CD4+ and CD4+IFN-γ+ T cells in the spleens
of naïve (d0) and T. gondii infected mice (d7). The data shown are representative of at least
six independent experiments. * P< 0.05; ** P< 0.01.
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Figure 2.
Acute responses to L. monocytogenes and vaccinia virus caused loss of Treg cells.
WT mice (five animals per group) were infected intravenously with (A) L. monocytogenes
(104 CFU per mouse) or (B) vaccinia virus (106 PFU per mouse), and the frequency of
splenic Treg cells was analyzed at the indicated number of days post-infection. (C) Absolute
quantification of Treg cells (CD4+Foxp3+), CD4+, CD8+, CD4+IFN-γ+, and CD8+IFN-γ+
cells was performed in naïve (black bars), L. monocytogenes (open bars), or vaccinia virus
(grey bars) infected mice on day 7 post infection. The data shown are the mean ± SD. For
identification of IFN-γ+ cells splenocytes were restimulated with 0.5 μg/ml αCD3 for 5 hr in
the presence of GolgiPlug. The data shown are representative of four independent
experiments. ** P< 0.01.
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Figure 3.
T. gondii-specific Th1 T cells produce limited amounts of IL-2
WT animals (five mice per group) were either left untreated (A) or infected with T. gondii
intraperitoneally (B) or orally (C), and seven days later, the ability of splenic CD4+ T cells
to produce IFN-γ, TNF, and IL-2 was analyzed. Analyses of intracellular cytokine
expression were performed on splenocytes restimulated with 0.5 μg/ml αCD3 for 5 hr in the
presence of GolgiPlug. (D) Expression levels of IFN-γ and (E) IL-2 were analyzed by real-
time PCR in splenocytes, CD4+, CD8+, and CD4+Foxp3+ T cells isolated from naïve or T.
gondii infected mice (day 7 post infection). (F) IL-2 in cell culture supernatant was
measured by ELISA on splenocytes isolated from naïve (d0) or T. gondii infected mice at
the indicated time points after restimulation with 0.01 ug/ml αCD3 for 48 hr. (G) Expression
levels of CD25 were analyzed by real-time PCR in naïve or T. gondii infected mice (day 7)
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on the same samples as shown in (D and E). The data shown are representative of five
independent experiments. * P< 0.05; ** P< 0.01, *** P< 0.001.
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Figure 4.
L. monocytogenes- and vaccinia virus-specific CD4+ T cells produce limited amounts of
IL-2.
WT mice (five animals per group) were infected with (A) L. monocytogenes (104 CFU per
mouse) or (B) vaccinia virus (106 PFU per mouse), and the ability of CD4+ T cells to
secrete IFN-γ and IL-2 was analyzed by flow cytometry after restimulation with 0.5 ug/ml
αCD3 for 5 hr in the presence of GolgiPlug. (C) Expression levels of IFN-γ (left panel) and
IL-2 (right panel) were analyzed by real-time PCR in naïve (black bars), L. monocytogenes
(open bars) and vaccinia virus (grey bars) infected mice on day 7 post infection. (D) IFN-γ
and IL-2 were measured by ELISA in unstimulated (media) or 0.01 ug/ml αCD3
restimulated splenocytes isolated from naïve (black bars), L. monocytogenes (open bars) and
vaccinia virus (grey bars) infected mice. The data shown are representative of four
independent experiments. * P< 0.05; ** P< 0.01, *** P< 0.001.
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Figure 5.
Exogenous IL-2 treatment during parasitic, bacterial, and viral infections prevented the loss
of Treg cells
WT mice (n=5) were infected intraperitoneally (A) or orally (B) with T. gondii and
additionally treated with IL-2 (1.5 μg of IL-2 plus 50 μg of anti-IL-2 antibody per mouse).
The Treg cell frequency was analyzed by flow cytometry on day 7 post-infection. (C)
Average frequency of Foxp3+ cells in the spleens of control (−), intraperitoneally (IP) or
orally (O) infected mice treated with IL-2 plus anti-IL-2 antibody (+IL-2). The data shown
are the mean ± SD. Animals were infected with (D) L. monocytogenes (104 CFU per
mouse) or (E) vaccinia virus (106 PFU per mouse) and where indicated, were treated with
exogenous IL-2 as described above. Treg cells were analyzed in IL-2 treated (+) and
untreated (−) mice on day 7 post-infection. (F) The data shown are the mean frequency of
Treg cells ± SD in L. monocytogenes (LM) or vaccinia virus (VV) infected mice. The data
shown are representative of three independent experiments. *** P< 0.001.
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Figure 6.
Exogenous IL-2 treatment during parasitic, bacterial, and viral infections results in enhanced
susceptibility to the pathogen.
(A) T. gondii-infected animals (five mice per group) were treated with the IL-2/anti-IL-2
complex, and Th1 polarization was analyzed on day 7 post-infection. (B) The cumulative
survival and the cyst burden on day 30 post-infection are shown for untreated and IL-2-
treated mice. (C) L. monocytogenes- or (D) vaccinia virus-infected animals were
additionally treated with IL-2 (+), and Th1 polarization and pathogen loads were analyzed
on day 7 post-infection. The data shown are representative of five independent experiments
for T. gondii and three independent experiments for L. monocytogenes and vaccinia virus
infections. *** P< 0.001.
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Figure 7.
Peripheral Treg cell conversion by ALDH+CD11b+ and CD11c+ DC cells.
(A) The relative (left panel) and absolute (right panel) counts of ALDH+CD11b+ cells at the
indicated time points after T. gondii infection. The appearance of ALDH+ cells in response
to T. gondii infection was analyzed by flow cytometry on days 0, 7, 10, 14, 21, and 28 post-
infection shown in Figure S4. (B) ALDH+CD11b+ and ALDH-CD11c+ cells were sort-
purified from spleens of T. gondii-infected mice on day 7 post-infection and were mixed
with sort-purified Foxp3GFP- CD4+ T cells in the presence of αCD3 alone or in
combination with IL-2 and TGF-β. T cell Foxp3 expression was examined by flow
cytometry after 3 days of culture. Plots are gated on CD4+ cells, and the percentages of
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Foxp3+ cells are shown. The data shown are representative of three experiments. * P< 0.1;
** P< 0.01.
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Figure 8.
Thymic Treg cells are relatively resistant to infection-induced Treg cell loss.
(A) WT mice (five animals per group) were infected intraperitoneally with an average of 20
T. gondii strain ME49 cysts per mouse, and the frequency of Treg cells, among all CD+ T
cells, was analyzed in the thymus of the infected and control mice at the indicated number of
days post-infection. Analysis of thymic Treg cell proliferation was performed by
intracellular staining for the nuclear antigen Ki67. Average frequency of (B) Foxp3+ cells
and (C) Foxp3+Ki67+ CD4+ T cells in the thymus of T. gondii-infected mice. (D) Absolute
quantification of Treg cells in the thymus of mice infected with the parasite. The data shown
are representative of three independent experiments.
* P< 0.05.
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