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Abstract
Friend virus (FV) infection of mice induces the expansion and activation of regulatory T cells
(Tregs) that dampen acute immune responses and promote the establishment and maintenance of
chronic infection. Adoptive transfer experiments and the expression of Neuropilin 1 indicate that
these cells are predominantly natural Tregs rather than virus-specific conventional CD4+ T cells
that converted into induced Tregs. Analysis of Treg TCR Vβ chain usage revealed a broadly
distributed polyclonal response with a high proportionate expansion of the Vβ5+ Treg subset,
which are known to be responsive to endogenous retrovirus-encoded superantigens. In contrast to
the major population of Tregs, the Vβ5+ subset expressed markers of terminally differentiated
effector cells, and their expansion was associated with the level of the antiviral CD8+ T cell
response rather than the level of FV infection. Surprisingly, the expansion and accumulation of the
Vβ5+ Tregs was IL-2 independent but dependent upon TNFα. These experiments reveal a subset-
specific Treg induction by a new pathway.

1 Introduction
CD4+ regulatory T cells (Tregs) are a subset of T cells with immunosuppressive properties
essential for both the prevention of autoimmune diseases in healthy individuals (1) and the
prevention of immunopathological damage during immune responses to infectious agents
(2). Suppression of immune responses by Tregs can also delay or prevent microorganism
clearance and facilitate persistence (3–7). A role for Treg-mediated immunosuppression
during viral infections was first described in mice infected with Friend virus (FV) (8), and
roles for Tregs in human infections with viruses such as HCV (9–13), HBV (14) and HIV
(15–17) are well-documented. In the FV model, acute retroviral infection is associated not
only with the expansion of immune cells necessary for the resolution of fulminant disease,
but also with the expansion and activation of immunosuppressive CD4+, Foxp3+, regulatory
T cells (18). This expansion and activation of Tregs dampens acute virus-specific immune
responses, particularly CD8+ T cell responses (19–21), and contributes to the establishment
and maintenance of long-term chronic FV infections (7).
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To develop therapeutics to modulate Treg responses to viral infection, it is critical to fully
understand the characteristics of the responding Tregs and the factors that induce them.
Tregs are classified into two general categories based on their developmental lineage and
protein expression patterns (22, 23). “Natural” Tregs (nTregs) are generated through
selection on self antigens in the thymus and constitutively express the high affinity alpha
chain of the IL-2 receptor (CD25)(24), neuropilin 1 (Nrp1) (25, 26), and forkhead
transcription factor (Foxp3)(27–29). The other major class of Foxp3-expressing Tregs,
termed “adaptive” or “induced” (iTregs), are generated from conventional T cells in the
periphery in response to antigenic stimulation (30–33), inflammation and TGF-beta
signaling (34–38), or oral antigen tolerization regimes (23, 39–41). Although the
immunosuppressive T cells in the FV model were originally called “virus-induced” Tregs
(8), this designation predated the current and common usage of the term “induced” and the
lineage of the Tregs responding to FV infection has not been determined until now. We
investigated this question using adoptive transfer experiments designed to detect either
expansion of nTregs or conversion of conventional CD4+ T cells.

The breadth of the Treg response was investigated by examining the TCR Vβ chain usage of
Tregs expanding during FV infection. It was recently shown that infection with lymphocytic
choriomeningitis virus (LCMV) clone 13, which causes persistent infections, preferentially
expanded Tregs using the TCR Vβ5 chain (42). Vβ5 usage by CD4+ T cells is revealing
because these cells recognize known self-antigens, specific superantigens (Sags) encoded by
endogenous mouse mammary tumor viruses (Mtvs) (43). When Vβ5+ TCR from
conventional CD4+ T cells bind to certain MHC class molecules (eg. H-2Ab) complexed
with Mtv Sags (eg. Mtv 8, 9) during thymic selection, they are deleted leaving very few
Vβ5+ CD4+ T cells in the repertoire (43, 44). In contrast, Vβ5+ Tregs are relatively resistant
to clonal deletion by endogenous superantigens during thymic selection (45). We found that
during infection with FV, both Vβ5+ and Vβ5− Tregs expanded, but the expansion of Vβ5+

Tregs was proportionately higher in comparison to V5β − Tregs. Furthermore, we observed a
number of significant differences between Vβ5+ and Vβ5− Treg subsets indicating that the
Vβ5+ subset is activated and expands via distinct mechanisms.

Materials and Methods
Mice, viruses, and tissue harvest

Unless otherwise noted, mice were female (C57BL/10 x A.BY)F1 (abbreviated Y10)
(H-2b/b, Fv1b, Rfv3r/s) bred at the Rocky Mountain Laboratories (RML) (Hamilton, MT) or
C57BL/6 mice (abbreviated B6) purchased from Harlan, Germany or Jackson Laboratories.
Mice were used between 8 and 24 weeks of age at the beginning of the experiments. For
CD4+ adoptive transfer experiments, Foxp3 eGFP (hereafter called Foxp3GFP) mice (46) or
Foxp3GFP mice carrying a TCR Vβ chain specific for an FV envelope epitope (47)
(hereafter called CD4.TCR Tg.Foxp3GFP) mice were bred at RML. CD8+ T cell adoptive
transfer experiments utilized TCR transgenic mice specific for the DbGagL FV epitope (48)
expressing a Thy1.1+ congenic marker (hereafter called CD8.TCR Tg), which were bred at
RML. The Friend virus (FV) stock used in these experiments was FV complex containing
replication competent B-tropic Friend murine leukemia helper retrovirus (F-MuLV),
replication defective polycythemia-inducing spleen focus-forming retrovirus, and no lactate
dehydrogenase-elevating virus (LDV) (49). Mice were FV infected by i.v. injection of 0.5
ml phosphate-buffered balanced salt solution (PBBS) containing 6000 spleen focus-forming
units (SSFU) of FV complex in Y10 mice and 20,000 SFFU in more resistant B6 mice. The
LDV infection was given as a 1-to-50 dilution of sera injected i.v. in 0.1 ml PBBS,
generated as previously described (49). Anesthetized mice were perfused with heparinized
PBS to displace blood from the tissues. Hepatocytes were removed from liver homogenates
using a 35% Percoll gradient. Euthanization was done by cervical dislocation of animals
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under deep isoflurane anesthesia. Mice were treated in accordance with the regulations and
guidelines of the Animal Care and Use Committee of the Rocky Mountain Laboratories and
the National Institutes of Health (Bethesda, MD) and of the Animal Care and Use
Committee of the University of Essen and according to German animal rights law.

Surface and intracellular staining antibodies and flow cytometry—The
antibodies (Abs) used for cell staining were purchased from BD Pharmingen, BioLegend or
eBioscience, unless otherwise noted. The Abs used for surface staining were: Alexa700-,
Pacific Blue-, Pacific Orange-anti-CD4; Pacific Blue-anti-CD8; Pacific Blue-or PerCP-
Cy5.5-anti-Thy1.1 (CD90.1); APC-anti-neuropilin 1 (FAB566A) (R&D); Biotin-, FITC-or
PE-anti-Vβ4, Vβ5, Vβ6, Vβ8, Vβ11, Vβ14; PerCP-Streptavidin; PerCP-Cy5.5-or PE-anti-
CD69; PerCP-Cy5.5-, APC-or PE-anti-CD25; PerCP-anti-CD43; PE-anti-CD11a; APC-anti-
KLRG1; and eFluor450-anti-CD127. Intracellular Foxp3 staining was performed according
to the manufacturer’s recommendation using FITC-, PE-, PeCy7-, or Alexa700-anti-Foxp3
(FJK-16s) and the Foxp3 staining kit from eBioscience. For intracellular Ki-67 staining,
cells were surfaced stained before fixation and permeabilization using reagents from the
eBioscience Foxp3 kit and then stained with FITC-, PE-or PerCP-1 Cy5.5-anti-Ki-67. The
five-to seven-color flow cytometric data were collected with an LSRII or FACSCanto II
(BD Biosciences) and analyzed using FlowJo (Tree Star).

Infectious centers assay—Lymphocyte dilutions were plated onto susceptible Mus
dunni cells (grown to approximately 20% confluency), incubated for 2 days at 37°C and 5%
CO2, fixed with 95% ethanol, stained with F-MuLV envelope-specific mAb 720 overnight
at 4°C and then developed with peroxidase-conjugated goat anti-mouse IgG and
aminoethylcarbazole substrate (50). Foci were identified and counted.

Cell sorting, cell tracer labeling and adoptive transfers—For Treg conversion
experiments, splenocytes from naïve Foxp3GFP or CD4.TCR Tg.Foxp3GFP mice were
enriched using anti-CD4 paramagnetic beads and the Miltenyi MACS system following the
manufacturer’s recommendations. Cells were then stained with Alexa700-or Pacific Orange-
anti-CD4 and then sorted on a FACSAria (BD Biosciences) to greater than 95% pure
populations of CD4+GFP− or CD4+GFP+ T cells. Cells from the CD4.TCR Tg.Foxp3GFP

mice were additionally labeled with CellTrace™ violet (Invitrogen) following the
recommendations. Between 7–19×106 CD4+GFP− cells and 1–2×106 CD4+GFP+ cells were
transferred into Y10 recipients by i.v. injection in 0.5 ml PBBS. For the transfer of FV-
specific CD8+ T cells, mice were adoptively transferred i.v. with 500, 5000, 50,000 or
500,000 Miltenyi MACS bead enriched cells from the spleens of naïve CD8.TCR Tg mice
(51). Control mice were not given CD8+ T cells. The same day the recipients were infected
with FV as described above.

CD8+ T cell depletions and blocking IL-2 or TNFα in vivo
Naïve mice were depleted of CD8+ T cells by three 0.5 ml intraperitoneal injections of
approximately 300 μg anti-CD8 tissue culture supernatant (clone 169.4) given every other
day. The mice were infected with FV 2 days following the third and final depletion
treatment. Anti-CD8 treatment achieved greater than 98% depletion of CD8+ T cells in 0 the
blood and spleen at 2 weeks post-infection (wpi) (data not shown). The mice were
euthanized for analysis at 2wpi. For IL-2 blocking studies, Y10 mice were injected i.p. every
other day starting from the time of FV infection with 50 μg each of functional grade
JES6-5H4 (rat IgG2b) and JES6-1A12 (rat IgG2a) anti-IL-2 mAbs (BioXCell) until tissue
harvest at 2 wpi. Control mice were concurrently given seven i.p. injections of 100 μg of
Rat IgG. For TNFα blocking studies, B6 mice were injected i.p. every other day with 200
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μg of functional grade XT3.11 (BioXCell) starting from the time of FV infection until tissue
harvest at 12 days post-infection (dpi) for a total of 6 injections.

RT-PCR
Spleens from naïve and 1 wpi Y10 or B6 mice were first enriched for CD11c+ cells then
CD19+ cells using two subsequent Miltenyi MACS bead enrichment procedures. Total RNA
extraction was performed using the RNeasy kit (Qiagen) with DNase treatment according to
the manufacturer’s instructions. cDNA was generated using the Superscript VILO cDNA
Synthesis kit (Invitrogen) according to the manufacturer’s instructions. Semi-quantitative
PCR for Mtv9 expression was performed using Platinum Quantitative PCR Supermix
(Invitrogen) with forward primer (5′-CAACCGCAGTCAAAGAACAG-3′), reverse primer
(5′-GCCACCACCTGTCTCCTATT-3′) and MGB probe (5′FAM-
CAAGGACTATCGGCCACAGGCC-MGB-3′) with reaction conditions of 50°C for 2 min
and 95°C for 2 min. followed by 40 cycles of 95°C for sec and 69°C for 30 sec. Semi-
quantitative PCR for Mtv Sag expression was performed using the SYBR GreenER qPCR
Supermix (Invitrogen) with forward primer (5′-
ATCGCCTTTAAGAAGGACGCCTTCT-3′) and reverse primer (5′-
GCAAAGCAGAGCTATGCC-3′) (42) with reaction conditions of 50°C for 2 min and
95°C for 10 min followed by 40 cycles of 95°C for 15 sec and 69°C for 1 min. These
reactions were performed in quadruplicate on an ABI 7900 HTS Real Time PCR System
(Applied Biosystems). Ct values were collected for GAPDH and Mtv genes during the log
phase of the cycle. Expression levels were normalized to GAPDH for each sample (ΔCt = Ct
gene of interest-Ct GAPDH). PCR efficiencies (10(−1/slope)-1) where slope = log [template]
by Cq) for GAPDH from naïve mice was 1.18, GAPDH from 7 dpi was 1.08; for Mtv9 from
naïve mice was 1.49, for Mtv9 from 7dpi mice was 1.38; for Mtv (42) from naïve mice was
0.75, and Mtv from 7 dpi mice was 0.90. The slopes of the curves were similar with no
statistically significant differences. All data used were from less than 40 rounds of
amplification. No Mtv or Mtv9 PCR amplification was detectable using templates from
control Mtv null mice (52).

Results
FV infection expands natural Tregs

To confirm previous results (20), acute FV infection induced the expansion of CD4+,
Foxp3+ regulatory T cells (Tregs) as indicated by increases in both the proportions (Fig. 1A)
and absolute numbers (Fig. 1B) of these cells in spleen and liver peaking at two weeks post-
infection. The spleen and liver are two organs heavily infected by FV. In contrast, peripheral
lymph nodes, which do not get heavily infected with FV or infiltrated with virus-specific
lymphocytes (20), displayed no significant expansion of Tregs (Figure 1A, B). Thus, the
induction of Tregs correlated with the tissue specificity of FV infection.

To determine whether the Tregs that expanded after FV infection originated from thymus-
derived natural Foxp3+ cells (nTregs) or converted into Tregs from Foxp3− conventional
CD4+ T cell precursors in the periphery (iTregs), Foxp3GFP reporter mice were utilized for
adoptive transfer experiments. In these reporter mice, all Foxp3+ Tregs express GFP (46).
Genetically labeled (Thy1.1+) CD4+ T cells from the spleens of the reporter mice were
FACS sorted to obtain >95% pure CD4+GFP− or CD4+ GFP+ cells, which were then
adoptively transferred into recipients infected with FV at the time of transfer. At 2 wpi no
detectable conversion of GFP negative donor cells into GFP positive cells was observed
(Figure 1C). Thus the Foxp3 promoter was silent in the conventional CD4+ donor T cells
indicating that conversion to Tregs had not occurred during FV infection. As a positive
control for GFP expression in Tregs, GFP+ (Foxp3+) donor cells were also transferred. Since
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Tregs are a small subset, fewer cells were transferred, but their GFP signal was easily
detectable at 2 wpi (Figure 1D). To maximize the chances of observing conversion of FV-
specific conventional CD4+ T cells into Tregs during infection, the above experiment was
repeated using CD4.TCR Tg.Foxp3GFP reporter mice expressing an FV-specific CD4+ T
cell receptor (TCR) beta chain transgene (47). These mice do not have an FV-specific TCRα
transgene, but they possess a polyclonal repertoire with an expanded component of FV-
specific CD4+ T cells, about 50% of which express Vα2 (47). Before transfer the donor cells
were labeled to measure their in vivo proliferation by fluorescent label dilution. At 1-week
post-FV infection there was significant proliferation of conventional (GFP−) CD4+ T cells in
response to FV infection (Figure 1E), but again there was no conversion to GFP expression.
It was previously shown in this transgenic model that the Treg repertoire was devoid of
TCRs reactive with FV (47), and this was confirmed in our experiments (data not shown).
Despite exclusion of FV-specific TCRs from donor Tregs, the adoptively transferred GFP+

Tregs showed significant proliferation in response to FV infection (Figure 1F). This result
suggested that factors other than virus-specificity induced nTreg expansion.

To confirm that FV infection induced nTreg, we used Neuropilin 1 (Nrp1), which was
recently described as a marker distinguishing natural Tregs from induced Tregs (25, 26).
Small numbers of Nrp1− Tregs were found in naive mice, and a slight albeit significant
expansion of these cells was observed following FV infection (Figure 1G, right). However,
the vast majority of Treg expansion occurred in the Nrp1+ nTreg subpopulation (Figure 1G,
left). Together with the adoptive transfer experiments, the results indicate that the expansion
of Tregs in response to FV infection was predominantly due to the proliferation of nTregs
rather than the conversion of conventional CD4+ T cells into iTregs.

Expansion of Vβ5+Tregs during acute FV infection
To examine the breadth of T cell receptor usage by Tregs during FV infection, CD4+

Foxp3+ T cells from spleens were analyzed for expression of 14 different TCR Vβ chains at
peak expansion (two weeks post-FV infection). These 14 Vβ’s represented ~70% of all TCR
Vβ chains used by CD4+ Tregs in both naïve and infected mice. Expansion of all TCR Vβ
chains tested was observed in response to FV infection (Fig. 2A). Tregs expressing Vβ5 had
the largest proportional increase at 2 wpi (Fig. 2B) and showed the largest fold increase in
absolute cell numbers (6.5 fold, Fig. 2C), representing 6.7% of the total Treg expansion in
the spleen. The remaining Vβ5− Tregs increased approximately three fold (Fig. 2D). Vβ5+

Treg expansion was even more striking in the liver where the increase was over 30 fold (Fig.
2E) compared to 8.6 fold for the Vβ5− Tregs (Fig. 2F). In contrast to FV infection and
previous results with LCMV infection (42), infection of mice with Lactate dehydrogenase-
elevating virus (49) caused relatively little expansion of Vβ5+ Tregs (Fig. 2G). Thus large
increases in Vβ5+ Tregs are not induced by all viral infections in mice.

The phenotypes of Vβ5+and Vβ5− Tregs
To further characterize the phenotype and activation status of Vβ5+ and Vβ5− Tregs during
FV infection, these subsets were analyzed by flow cytometry for dual expression of the early
activation marker, CD69, and the cell proliferation marker, Ki-67. The proportion of CD69+

Ki-67+ cells in both Vβ5+ and Vβ5− Treg subsets from spleen and liver were significantly
higher at 2 wpi compared to naïve mice (Figure 3A, B). Thus the expansion of Tregs in
these organs was accompanied by activation and proliferation markers, indicating that the
increased proportions of Tregs were not simply the result of redistribution of the cells due to
trafficking.

IL-2 is critical for the survival and function of Tregs (53, 54) and the high affinity alpha
chain of the IL-2R receptor (CD25) is constitutively expressed on nTregs. Consistent with
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previous results (55), the basal level of CD25 expression on Tregs showed tissue specific
differences in naïve mice, with more CD25hi cells in the spleen compared to the liver (Fig.
3C, D). Interestingly, there were significantly lower proportions of CD25hi cells in the Vβ5+

subset from both spleen and liver at 2 wpi compared to naïve mice (Fig. 3C). Analysis of
Ki-67 co-expression indicated that CD25 expression was significantly reduced in actively
dividing (Ki-67+) splenic Tregs (Fig. 3E). Thus the decreased proportion of CD25hi cells in
the Vβ5+ Treg subset was most likely a reflection of their active division during FV
infection.

Multiparameter flow cytometric analysis was used to determine if any additional markers
differentiated Vβ5+ and Vβ5− Treg subpopulations. Significantly higher proportions of the
Vβ5+ Treg subset from infected mice expressed the activation marker CD43 (the activation-
associated glycoform (56, 57)) and CD11a (a co-stimulatory signaling molecule upregulated
upon antigen recognition (58)) compared to Vβ5− Tregs (Fig. 3F). Additionally more Vβ5+

Tregs had high expression of KLRGI (a marker for terminally5 differentiated effector T
cells (59)) and decreased expression of CD127 (IL-7R, a marker for memory T cells (60))
(Fig. 3F). This expression pattern in the Vβ5+ Tregs is the phenotype of terminally-
differentiated, short-lived effector T cells (61). Further, the Vβ5+ subset expressed Nrp1 (25,
26), indicating their nTreg origin (Fig. 3G). Thus both Vβ5+ and Vβ5− Tregs became
activated during acute FV infection, yet the Vβ5+ subset appeared more differentiated,
possibly due to stronger activation by Sag.

Lack of induction of Mtv sag in dendritic cells or B cells
It was recently reported that CD11c+ dendritic cells up-regulated Mtv sag expression during
chronic LCMV Clone 13 infection, and that both Mtv sag expression and dendritic cells
were required for LCMV-induced expansion of Vβ5+ Tregs (42). To determine if FV
infection also up-regulated Mtv sag expression in dendritic cells, CD11c+ cells were
enriched by magnetic bead columns and analyzed for Mtv sag mRNA expression by semi-
quantitative RT-PCR. Two sets of primers were used to amplify Mtv transcripts relevant to
Vβ5 TCR binding: one set was specific for Mtv9 sag (Fig. 4A); the other set had more broad
Mtv sag reactivity, and was identical to the primers used in the LCMV study (Fig. 4B). We
examined the cells at 1 wpi since Treg expansion was already evident at 1 wpi (Fig. 1B),
peaked at 2 wpi, and we reasoned that sag presentation would necessarily precede peak
expansion. Mtv sag expression was detected in dendritic cells from uninfected control mice,
but in contrast to LCMV Clone 13 infection, FV infection resulted in decreased sag mRNA
expression relative to Gapdh (Fig. 4A, B). Purified B cells, which are also MHC class II
positive and express endogenous Mtvs also lacked increased Mtv sag mRNA levels after FV
infection (Fig. 4A, B). Total Mtv expression in unfractionated cells was also decreased
following infection (data not shown). Thus, the mechanism involved in expansion of Vβ5+

Tregs during FV infection appeared to be different than that in LCMV Clone 13 infection.

CD8+ T cells drive the expansion of Vβ5+ Tregs
Treg expansion during FV infection occurs shortly after a massive activation and
proliferation of virus-specific effector CD8+ T cells (18). Therefore, we determined if CD8+

T cell responses influenced Treg expansion. As an initial approach, CD8+ T cells were
depleted from mice prior to FV infection, and splenic CD4+ Foxp3+ Tregs from non-
depleted or depleted mice were analyzed at the time of peak expansion (2 wpi). At 2wpi
splenic CD8+ T cells were depleted by > 98%. Interestingly, CD8 depletion abrogated the
disproportionate expansion of the Vβ5+ Treg subset (Fig. 5A), and a significant loss rather
than expansion of the Vβ5+ Treg subset was observed (Fig. 5B). By contrast, the expansion
of the other Treg Vβ subsets analyzed at 2 wpi was not significantly affected by CD8
depletion (Fig. 5C).
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Since the CD8+ T cell response is critical for recovery from FV infection (62) the levels of
infection were significantly increased in CD8-depleted mice (Fig. 5D). The lack of Vβ5+

Treg expansion in mice with high virus loads indicated that increased infection levels did
not induce expansion of the Vβ5+ Treg subset. Increased virus loads also did not drive
expansion of the non Vβ5+ Tregs (Fig. 5C). It is possible that deletion of CD8+ DCs had an
effect in this experiment, but Mtv Sag expression in dendritic cells from CD8-depleted mice
was equivalent to non-depleted mice (Fig. 5E). Furthermore, we have previously shown that
this depletion regimen results in less than 50% depletion of CD8+ DCs (20). These results
suggested that the Vβ5+ Treg subset was not only phenotypically distinct from the bulk
population of Tregs, but appeared uniquely dependent on the CD8+ T cell response to induce
its expansion.

To further examine the influence of CD8+ T cells on Vβ5+ Treg expansion we performed
adoptive transfers of titrated numbers of FV-specific CD8+ T donor cells from CD8.TCR Tg
mice (51) into FV-infected mice. Increasing the number of transferred cells resulted in
higher levels of engraftment (Fig. 6A), and engraftment levels above 20% resulted in
significantly decreased infection (Fig. 6B). In spite of decreased infection levels, the
proportion of Tregs expressing Vβ5+ Tregs significantly increased (Fig. 6C). These results
confirmed that the expansion of the Vβ5+ Treg subset required the CD8+ T cell response
rather than high levels of FV infection.

Vβ5+ Treg expansion is IL-2 independent
A recent report defined a role for CD8+ T cells in promoting Treg expansion by production
of IL-2 (63). To determine if the effect of CD8+ T cells on the Vβ5+ Treg subset was due to
IL-2 production, IL-2 blocking antibodies were administered to mice for the first two weeks
after infection. Since IL-2 is critical for the development and survival of Tregs (64–66) it
was not surprising that blocking IL-2 function during the first two weeks of FV infection
significantly decreased the absolute number of both total Tregs (Fig. 7A) and Vβ5− Tregs
(Fig. 7B). Interestingly, the expansion of Tregs in the Vβ5+ subset was not significantly
reduced when IL-2 was blocked (Fig. 7C). IL-2 blockade did not significantly alter FV
infection levels (Fig. 7D), nor did it affect the expansion of activated (CD43+) CD8+ T cells
(Fig. 7E). Moreover, the proportions of tetramer-positive CD8+ T cells specific for the
H-2Db–restricted F-MuLV glycosylated Gag immunodominant epitope (48) were
statistically equivalent at 2 wpi regardless of IL-2 blockade (data not shown). Thus, blocking
IL-2 did not significantly reduce the number of activated CD8+ T cells at 2 wpi, and the
CD8+ T cells induced Vβ5+ Treg expansion. Surprisingly, the expansion of the Vβ5+ subset
of Tregs, in contrast to the overall Treg population, was uniquely independent of IL-2,
possibly due to the distinct activation mechanisms initiated by Sag recognition (67–69).

Vβ5+ Treg expansion dependence on TNFα
To further investigate the mechanism of CD8+ T cell-controlled Vβ5+ Treg expansion, the
roles of two CD8 effector molecules, perforin and granzyme B, were analyzed by infecting
perforin-null and granzyme B-null mice with FV. Analysis of the Treg compartment for
Vβ5+ Treg expansion following FV infection showed no significant effect in these knockout
mouse strains (data not shown).

Tregs have been reported to express tumor necrosis factor receptor 2 (TNFRII), which has
important consequences for their function (70). Since CD8+ T cells can be a significant
source of TNFα, CD8+ T cell-production of this cytokine was analyzed by intracellular
cytokine staining. Significantly higher numbers CD8+ T cells produced TNFα after FV
infection than before infection (Fig. 8A). To examine the role of TNFα on FV-induced Treg
induction TNFα blocking antibodies were administered to FV infected mice during the first
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two weeks of infection. Anti-TNFα treatments significantly reduced expression of the
proliferation marker Ki-67 on Vβ5+ Tregs (Fig. 8B, left panel) yet produced no effect on the
Vβ5− Tregs (Fig. 8B, right panel). Furthermore, blocking TNFα significantly reduced the
proportion of fully differentiated (KLRG1+) Vβ5+ Tregs (Fig. 8C). Expansion of the Vβ5+

Tregs at 2 wpi was significantly diminished by TNFα blockade (Fig. 8D), although the
treatment did not reduce levels completely back to the basal levels observed in naïve mice.
Thus, the expansion of Vβ5+ Tregs induced by FV12 infection was partially dependent on
TNFα. TNFα blockade also produced a significant increase in virus loads indicating an anti-
viral function for this molecule (Fig. 8D). These results provide further evidence that viral
titers were not the main driving force behind Vβ5+ Treg expansion.

Discussion
Our experiments provide several lines of evidence indicating that the expansion of Tregs
during acute FV infection is due to the activation and proliferation of the existing pool of
natural, presumably self-specific Tregs (71), rather than the conversion of conventional,
virus-specific CD4+ T cells into iTregs. Expression of fourteen different T cell receptor Vβ
chains was assayed, and all showed significant expansion (Fig. 2A). This result differed
from the virus-specific, conventional CD4+ T cell population where no expansion of Vβ4+
T cells or disproportionate expansion of Vβ5+ cells was observed (data not shown). The
present data as well as previous results (47) indicate that the Tregs responding to FV
infection are not virus-specific and respond to different stimuli than conventional CD4+ T
cells.

What drives Treg expansion if not viral antigen? One possibility is that the inflammatory
response during viral infection is an important factor. We found that the expansion of the
majority of Tregs was IL-2 dependent, but the Vβ5+ Treg subset was uniquely IL-2
independent (Fig. 7). Interestingly, our results indicate that the CD8+ T cell response to FV
infection is a major factor driving expansion of the Vβ5+ Treg subset (Fig. 5, 6). A
predominant Vβ5+ Treg response was recently observed in LCMV Clone 13 infection and
was associated with increased expression of endogenous Mtv sag mRNA by dendritic cells
(42). In FV infection increase of Mtv sag expression was not observed, either in dendritic
cells or in B cells where Mtv expression is highest and inducible by LPS (72–75) (Fig 4A
and B). Additionally, increased Mtv sag RNA levels were not observed in unfractionated
splenocytes, T cells, erythroblasts, or non-dendritic cell fractions in repeated experiments
(data not shown). Thus expansion of the Vβ5+ Treg subset in FV infection is not dependent
on increased expression of Mtv sag, suggesting that basal expression levels are sufficient as
a first signal stimulus to Vβ5+ Tregs. The lack of increased Mtv sag expression during FV
infection may be a reason why infection with LCMV Clone 13 induced a stronger Treg
response than FV, yielding approximately 25% Vβ5+ Tregs compared to about 7% Vβ5+

Tregs in FV infection

In the LCMV studies selective depletion of DCs by diphtheria toxin abrogated Vβ5+ Treg
expansion and implicated DCs as important mediators of the Treg response. However, since
LCMV-specific CD8+ T cell responses are dependent on DCs (76) the depletion of DCs
would also block CD8+ T cell expansion, and possibly TNFα responses. In light of our
current results demonstrating dependence of Vβ5+ Treg expansion on CD8+ T cell responses
and TNFα, the effect of DC ablation on Vβ5+ Tregs in the LCMV study might have been
indirect rather than direct.

Interestingly, only a minimal Vβ5+ Treg response was observed during LDV infection (Fig.
2G), although both LDV and FV produce comparable CD8+ T cell responses (49). LDV also
induces polyclonal B cell activation (77). It is possible that some aspect of the immune
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response to LDV infection suppresses Vβ5+ Treg expansion, but FV/LDV co13 infections
induce a strong Treg response (78) including disproportionate Vβ5+ Treg expansion (data
not shown). Suppression of the response would be expected to be a dominant effect.
Predominant cytokines produced by the CD8+ T cells might differ between these viral
infections to affect the levels of Treg expansion. Further comparative studies will be needed
to resolve this issue and reveal mechanisms of Vβ5+ Treg induction other than TNFα.

With regard to the involvement of CD8+ T cell-produced cytokines in driving Vβ5+ Treg
expansion, it was recently reported that IL-2 production by CD8+ T cells can be important in
promoting Treg expansion (63, 79). This role makes logical sense since IL-2 is produced by
responding CD8+ T cells, and is important for the survival and activation of Tregs. When we
blocked IL-2 with neutralizing antibodies, expansion of the bulk population of Vβ5− Tregs,
which is not dependent on CD8+ T cells (Fig. 5C), was significantly reduced (Fig. 7B),
whereas the Vβ5+ Tregs maintained their expansion (Fig. 7C). Thus, in FV infection the
expansion of the bulk population of Vβ5− Tregs is dependent on IL-2 and independent of
CD8+ T cells. In contrast, CD8+ T cell responses clearly affected expansion of the Vβ5+

Treg subset (Fig. 5,6), which responded in an IL-2 independent manner (Fig. 7). IL-2-
independent expansion of Tregs is a unique finding that likely relates to the fact that Sag
stimulation of T cells delivers a very potent signal through a mechanism distinct from
cognate antigen recognition (67–69). Furthermore, bacterial Sags stimulate the expansion of
T cells even in the absence of IL-2 (80). Thus our findings are consistent with a role for both
Sag recognition and CD8+ T cell responses in the expansion of Vβ5+ Tregs. Sag recognition
might provide the first induction signal and TNFα the second.

Previous reports demonstrated that Treg responses play a significant role in inhibiting
immune responses to both acute and chronic FV infection (7, 19). It is now evident that this
Treg response is complex, with at least two distinct subsets of responding cells with
differing requirements for IL-2, TNFα and CD8+ T cells. Further experiments will be
required to determine if the suppressive effect of the Vβ5+ Tregs is proportionate with its
subpopulation size, or whether the unique activation mechanisms for these cells affect their
function. Although blockade of TNFα partially prevented expansion of Vβ5+ Tregs,
improved CD8+ T cell responses were not observed, and the FV infection was significantly
worse (Fig. 8E). This result was likely due to loss of the pluripotent antiviral effects of
TNFα.

In an effort to investigate the biological significance of Vβ5+ Tregs during FV infection,
these cells were selectively depleted prior to infection using Vβ5-specific antibodies.
Although antibody-mediated depletions were successful and effects were observed,
significant numbers of Vβ5+ CD8+ T cells were depleted in addition to Vβ5+ Tregs, making
interpretation of the results impossible. Thus the role of Vβ5+ Tregs in FV disease remains
unclear. Nevertheless, endogenous retroviruses encoding Sags have been shown to influence
susceptibility to diseases induced by both viral and bacterial pathogens (81). Thus, Vβ5+

Tregs may play a more dominant role in certain human and animal diseases. Our results
suggest that the distinct mechanisms of induction of these cells would require different
therapeutic modalities to control them.
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Figure 1. FV infection induces expansion of natural Tregs
Kinetics of the change in A) percent and B) absolute number of CD4+ T cells expressing
Foxp3+ cells in the spleen (squares), peripheral lymph nodes (PLN) (triangles) and liver
(circles) following FV infection. Bars represent the mean and standard error of the mean
(SEM) of 13–17 mice from 7 independent experiments per time point. The statistically
significant increases from naïve to post-FV infection in the spleen and liver are indicated (*)
(One-Way ANOVA w/Dunnett’s multiple comparisons post-test). Mice received an
adoptive transfer of FACS sorted C) Thy1.1+ CD4+ GFP− or D) Thy1.1+ CD4+ GFP+ cells
from naïve Foxp3GFP reporter mice and recipients were infected with FV. At 14 dpi the
spleens of recipient mice were analyzed by flow cytometry for GFP expression in Thy1.1+

donor cells. Dot plots are representative of 3 independent experiments. In a similar
experiment, mice were infected with FV and given CellTrace™ violet-labeled E) CD4+

GFP− or F) CD4+ GFP+ cells from naïve CD4.TCR Tg.Foxp3GFP reporter mice. At 7 dpi
the spleens were analyzed by flow cytometry for GFP and CellTrace™ violet expression. At
2wpi, splenic Tregs were analyzed for expression of G) surface Neuropilin 1 and absolute
numbers of each subset were calculated on a per spleen basis. Differences between naïve
and infected were statistically different: 320% increase for Nrp1+ Tregs, P = .0064 (unpaired
t test).
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Figure 2. Expansion of Tregs in spleen following FV infection
A) The absolute numbers and B) proportions of TCR Vβ subsets expressed by CD4+ Foxp3+

Tregs from the spleens of naïve mice (white bars) and FV-infected mice (2wpi) (black bars).
Bars represent the mean and standard deviation from 5 mice. The calculated absolute
numbers of C) Vβ5+ and D) Vβ5− CD4+Foxp3+ Tregs in the spleens and E) Vβ5+ and F)
Vβ5− Tregs in the livers of naïve (white bars) and FV infected mice (black bars) at 0, 1, 2, 4
and 8 wpi. G) The kinetics of CD4+ Foxp3+ T cells expressing Vβ5 from the spleens
(squares) and livers (circles) following LDV infection. Data are the mean and SEM of mice
from 5 independent experiments. For Panel A, all Treg subsets have significant increases in
absolute number (P < 0.05 by t test). For Panel B, only the increase in Vβ5+ Tregs was
significant (P < 0.05 by t test). For Panel G, a significantly greater proportion of Vβ5+ Tregs
was observed after FV-infection compared to day 0 for the spleen where indicated (*) (One-
Way ANOVA with Dunnett’s multiple comparisons post-test).
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Figure 3. Vβ5+ and Vβ5− Tregs express an activated phenotype following FV infection
Dual expression of surface CD69 (activation) and intracellular Ki-67 (cell division) on A)
Vβ5+ and B) Vβ5− CD4+Foxp3+ Tregs from the spleens (SPL) and livers (LIV) of naïve
(white bars) and FV-infected (2 wpi) (black bars) mice. Data are the mean and SEM of 13–
15 mice. The percentage of C) Vβ5+ and D) Vβ5− CD4+Foxp3+ Tregs that express high
levels of CD25 in naïve (white bars) and FV-infected (2 wpi) (black bars) mice. Data are the
mean and SEM of 6–11 mice. All differences between naïve and FV-infected mice in panels
A, B and C were significant (P < 0.05 by t test). E) Representative FACS dot plots showing
the dual expression profiles of CD25 and intracellular Ki-67 on naïve and FV infected
(2wpi) splenic CD4+Foxp3+ Tregs. Numbers represent the mean percentage and SEM of
cells in each quadrant from 9–10 mice. F) The percentage positive (left panels) and mean
fluorescent intensity (MFI) (right panels) of indicated markers on CD4+Foxp3+ Tregs from
naïve and FV infected mice at 12 dpi. Data are from 7 independent experiments using from
5–17 mice (* P < 0.05, ** P < 0.01, ***P < 0.001, NS = not significant by One-Way
ANOVA with Dunnett’s multiple comparisons post-test). G) Splenic Tregs were analyzed
for expression of Neuropilin 1. Absolute numbers of each subset were calculated on a per
spleen basis for Vβ5+ (left) and Vβ5− (right) Tregs in the spleens of naïve (white bars) and
FV infected mice (black bars) at 2 wpi (** P < 0.01, ***P < 0.001 by unpaired t test).
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Figure 4. The relative expression of Mtv is not up-regulated in FV-infected mice
Expression of Mtv mRNA relative to Gapdh mRNA in cells that were bead-enriched for
CD11c+ (DC’s) or CD19+ (B cells). Cells were enriched from spleens of naïve (white bars)
and FV-infected (1wpi) (black bars) Y10 mice using A) primers designed specifically for the
Mtv9 Sag region or B) intragenic env and LTR sequence primers as previously described
(42). Bars represent data from 4 mice run in quadruplicate with SEM. (* P < 0.05, ***P <
0.001 by unpaired t test).
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Figure 5. CD8+ T cell depletion abrogates Vβ5+ Treg expansion during infection
A) The percentage of splenic CD4+Foxp3+ Tregs expressing the indicated TCR Vβ chains
in naïve (white bars), FV infected CD8 intact (black bars) or FV infected CD8 depleted
(gray bars) mice at 2 wpi (* P < 0.05). The average absolute numbers of B) Vβ5+ and C)
Vβ5− CD4+Foxp3+ Tregs per spleen from the CD8 intact (black bars) and CD8 depleted
(gray bars) mice. D) Infectious centers assay data from the spleens of these mice. Data are
the mean and SEM from 9 pooled mice combining 3 independent experiments. E)
Expression of Mtv9 sag mRNA from bead-purified CD11c+ cells from the naïve (white bar),
FV-infected (1 wpi) (black bar) or FV-infected/CD8+ depleted (gray bar) mice. Bars
represent the mean and SEM from 4 individual B6 mice.
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Figure 6. FV-specific CD8+ T cells induce expansion of Vβ5+ Tregs during infection
Mice were adoptively transferred with 0, 500, 5000, 50000, or 500000 bead purified CD8+ T
cells from the spleens of naïve CD8.TCR Tg mice and then infected with FV. At 1 wpi A)
the percentage of CD8+ T cells expressing the Thy1.1+ donor marker were analyzed and B)
the infectious centers (IC) were determined from the spleens of these mice. C) Additionally,
splenic CD4+Foxp3+ Tregs were analyzed for the proportions of Vβ5+ Tregs. Data are from
8–11 mice from 3 independent experiments. An asterisk indicates that data in the column are
significantly different from the data in the no transfer control (P < 0.05 by One-Way Anova
with Tukey’s post test for multiple comparisons).
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Figure 7. Vβ5+ Treg expansion in FV infection is IL-2 independent
A) The absolute number of CD4+ cells expressing Foxp3 in naïve mice (white bars), FV-
infected mice (2 wpi) (black bars) and mice infected with FV and treated with IL-2 blocking
antibody treatment (gray bars). The absolute number of splenic CD4+Foxp3+ T cells
expressing B) Vβ5− and C) Vβ5+ at 2 wpi. D) Infection levels in the spleen as measured by
infectious center assays. There was no significant difference between the groups by
Student’s t test. E) The absolute number of activated (CD43+) CD8+ T cells in mice from
treated and untreated groups as indicated.
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Figure 8. Vβ5+ Treg expansion in FV infection is TNFα-dependent
A) The absolute number of CD8+ T cells producing TNFα was calculated from the
proportion of cells that produced TNFα in a 5 hour in vitro intracellular cytokine assay.
Cells are from mice at 12 dpi. Expression of intracellular Ki-67 (B) and KLRG-1 (C) on
Vβ5+ (left) and Vβ5− (right) CD4+Foxp3+ Tregs from the spleens of naïve mice (white
bars), FV-infected mice (black bars) or FV-infected/anti-TNFα-treated mice (gray bars),
respectively. D) The proportion of Vβ5+ Tregs in the spleens of the same mice. E) Infection
levels in the spleens as measured by infectious center assays. Data are the means with SEMs
from 2 independent experiments. (* P < 0.05, ** P < 0.01, ***P < 0.001 by unpaired t test)
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