
B Cell Requirement for Robust
Regulatory T Cell Responses to Friend
Retrovirus Infection

Tyler C. Moore,* Lorena M. Gonzaga, Jennifer M. Mather,* Ronald J. Messer,
Kim J. Hasenkrug

Laboratory of Persistent Viral Diseases, Rocky Mountain Laboratories, National Institute of Allergy and
Infectious Diseases, National Institutes of Health, Hamilton, Montana, USA

ABSTRACT Regulatory T cells (Tregs) are immunosuppressive cells of the immune
system that control autoimmune reactivity. Tregs also respond during immune reac-
tions to infectious agents in order to limit immunopathological damage from potent
effectors such as CD8� cytolytic T lymphocytes. We have used the Friend virus (FV)
model of retroviral infection in mice to investigate how viral infections induce Tregs.
During acute FV infection, there is significant activation and expansion of thymus-
derived (natural) Tregs that suppress virus-specific CD8� T cell responses. Unlike
conventional T cells, the responding Tregs are not virus specific, so the mechanisms
that induce their expansion are of great interest. We now show that B cells provide
essential signals for Treg expansion during FV infection. Treg responses are greatly
diminished in B cell-deficient mice but can be restored by adoptive transfers of B
cells at the time of infection. The feeble Treg responses in B cell-deficient mice are
associated with enhanced virus-specific CD8� T cell responses and accelerated virus
control during the first 2 weeks of infection. In vitro experiments demonstrated that
B cells promote Treg activation and proliferation through a glucocorticoid-induced
receptor superfamily member 18 (GITR) ligand-dependent mechanism. Thus, B cells
play paradoxically opposing roles during FV infection. They provide proliferative sig-
nals to immunsosuppressive Tregs, which slows early virus control, and they also
produce virus-specific antibodies, which are essential for long-term virus control.

IMPORTANCE When infectious agents invade a host, numerous immunological
mechanisms are deployed to limit their replication, neutralize their spread, and de-
stroy the host cells harboring the infection. Since immune responses also have a
strong capacity to damage host cells and tissues, their magnitude, potency, and du-
ration are under regulatory control. Regulatory T cells are an important component
of this control, and the mechanisms that induce them to respond and exert immu-
nosuppressive regulation are of great interest. In the current report, we show that B
cells, the cells responsible for making pathogen-specific antibodies, are also involved
in promoting the expansion of regulatory T cells during a retroviral infection. In vitro
studies demonstrated that they do so via stimulation of the Tregs through interac-
tions between cell surface molecules: GITR interactions with its ligand (GITRL) on B
cells and GITR on regulatory T cells. These findings point the way toward therapeu-
tics to better treat infections and autoimmune diseases.
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CD4� FOXP3� regulatory T cells (Tregs) are immunomodulatory cells necessary for
the prevention of both autoimmune disorders (1, 2) and deleterious inflammatory

reactions during immune responses to infections (3–8). On the other hand, Treg activity
during infections can have detrimental effects when their potent immunosuppressive
effects prevent the clearance of pathogens and contribute to the establishment and
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maintenance of chronic infections (9–11). During acute Friend virus (FV) infection of
mice, antigen-presenting cells (12) activate CD8� T cells, which are essential for early
virus control (12–16). FV infection also induces Tregs, which expand and inhibit the
antiviral CD8� T cell responses and thereby contribute to virus persistence (10, 17–20).
Tregs can arise from conversion of conventional T cells into “peripherally derived”
Tregs, which can be foreign antigen specific. Diverse mechanisms drive the activation
of peripherally derived Tregs, some of which have been elucidated for certain patho-
gens (7). For example, Treg conversion can occur directly, such as through secretion of
transforming growth factor beta (TGF-�) mimics (21) or polysaccharide cross-linking of
T cell receptors (TCRs) (22). Treg conversion can also occur indirectly such as through
pathogen-induced polarization of dendritic cells (DCs) through Toll-like receptors (TLRs)
to induce production of interleukin-10 (IL-10) (23–25). However, the Tregs that respond
to FV infection are “natural” Tregs or “thymus-derived” Tregs (tTregs), and conversion
of conventional CD4� T cells into Tregs during FV infection does not occur (26). A
strong Treg effect on viral immunity can be observed when Tregs are transiently
depleted during either acute or chronic FV infection. Such depletion leads to elevated
CD8� T cell responses and reduced infection levels (11, 18). Thus, Tregs play an
important role during FV infection, but the mechanisms by which viral infections induce
Tregs are still not fully understood. FV-induced Tregs are not FV specific (27), so their
mechanisms of induction are different from those that induce conventional Th1 and
Th2 type responses. Studies have shown that FV-activated CD8� T cells upregulate
membrane-bound tumor necrosis factor alpha (TNF-�), which binds to tumor necrosis
factor (TNF) receptor II (TNFRII) on a subset of endogenous retroviral antigen-specific
Tregs and stimulates their proliferation (26, 28). In this way, the virus-specific CD8� T
cells provide the context of infection and the second signal for Treg activation and
expansion. However, that mechanism accounts for only about 10% of the total Treg
response. Understanding the remaining induction mechanisms will provide the basis
for the rational design of therapeutics that can fine tune the Treg response, either
downward to enhance T cell immunity or upward to suppress immunopathological
responses.

In the current study, we investigated whether B cells play a role in the induction of
Treg responses during Friend virus (FV) infection. Several studies have demonstrated
that B cells can affect Treg responses to autoimmune diseases (29–32). In mouse studies
using both genetically B cell-deficient and anti-CD20-treated animals, B cells have been
reported to have both positive and negative effects on the size and function of the Treg
subset (reviewed in references 33 and 34). Some of the differences in experimental
outcomes can be attributed to the time during autoimmune disease when the deplet-
ing antibodies (Abs) were given, to mouse strain differences (NOD [33] and BALB/c [35]
mice give results different from those given by C57BL/6 mice), and/or to whether the
Tregs induced were peripherally derived or thymus derived. In the C57BL/6 genetic
background, similarly to the results seen with the mice used in the current study
(C57BL/10), genetic deficiency in B cells (�MT) or depletion of B cells with anti-CD20
antibody causes significant reductions in Treg numbers in spleen and Peyer’s
patches which could be restored by adoptive transfers of B cells (36). This homeo-
static maintenance of B cell-dependent peripheral Treg numbers was shown to rely
on glucocorticoid-induced receptor superfamily member 18 (GITR) on Tregs and GITR
ligand (GITRL) on B cells (36). These interactions with Tregs likely explain the protective
effect of B cells in experimental autoimmune encephalomyelitis (EAE) (36–38) as well.
B cells also help maintain Treg homeostasis in gut-associated lymphoid tissues to
prevent dextran sulfate sodium-induced colitis (39). In stark contrast, B cells have been
shown to suppress Treg activity in a mouse model of rheumatoid arthritis (35). In that
study, the authors found that B cells inhibited the expansion and function of Tregs. In
the current study, we investigated whether B cells also play a role in the induction of
thymus-derived Tregs during infectious disease, specifically, during Friend retrovirus
infection of mice. The experiments demonstrated a significant role for B cells in
promoting the in vivo Treg response to retroviral infection.
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RESULTS
Fewer Tregs in B cell-deficient mice. Results from a previous study suggested that

CD8� T cell responses to Friend virus (FV) infection were more robust in B10.�MT (B
cell-deficient) mice than in wild-type (wt) mice (40). Since it is known that FV-specific
CD8� T cell responses are strongly suppressed by regulatory T cells (Tregs) (17, 19, 20)
and that naive B cell-deficient mice have reduced levels of Tregs (36, 41), it was of
interest to determine if B cell-deficient mice had normal FV-induced Treg responses.
Analysis of Treg levels in naive B cell-deficient B10.�MT mice compared with wt
C57BL/10 mice confirmed that B10.�MT mice had significantly decreased proportions
of CD4� T cells expressing the FOXP3� Treg phenotype (Fig. 1A), averaging 3.8% in
B10.�MT mice compared to 6.8% in wt mice (Fig. 1B). The mean levels of Treg
proliferation (Ki-67�) in the two mouse strains were not significantly different (Fig. 1C).
We also examined the proportions of naive CD8� T cells in the two strains. Since a lack
of B cells in B10.�MT mice results in spleens only about half the size of normal spleens,
it is not appropriate to directly compare either the proportions or absolute numbers of
lymphocytes expressing CD8. To make a relevant comparison, we analyzed the pro-
portion of non-B spleen cells in each strain that expressed CD8 and found very similar
levels (Fig. 1D). The mean levels of CD8� T cell proliferation (Ki-67�) in the two mouse
strains were also equivalent (Fig. 1E). Thus, the reduced proportions of Tregs in the B
cell-deficient mice prior to FV infection did not affect the proportion of T cells
expressing CD8 or their homeostatic level of proliferation.

B cell-deficient mice have impaired Treg induction during FV infection. Next,
the Treg responses to FV infection were investigated in a kinetic manner. Cohorts of
mice were infected with FV, and levels of splenic Tregs (Fig. 2A) were analyzed at
weekly intervals for the first 3 weeks of infection. Peak induction of Tregs typically
occurs at 2 weeks postinfection (wpi) (26, 28). Absolute numbers of Tregs in the spleens
were determined, not for direct comparison between B10 and B10.�MT mice but to
analyze the kinetics of Treg expansion within each strain during FV infection. By

FIG 1 Fewer Tregs in B cell-deficient mice. Spleens were harvested from naive C57BL/10 mice (A to E) or B cell-deficient �MT mice (B to E), and CD4, CD8, CD19,
Ki-67, and FOXP3 expression was analyzed by flow cytometry. (A) Representative gating strategy for CD4� T cells (top) or CD8� T cells (bottom). (B)
Quantification of the percentage of FOXP3� cells within the CD4� T cell gate. (C) Quantification of the percentage of Ki-67� cells within the Treg (CD4� FOXP3�)
gate. (D) Quantification of the percentage of CD8� cells within the non-B cell lymphocyte gate (CD19� lymphocytes). (E) Quantification of the percentage of
Ki-67� cells within the CD8� T cell gate. Each dot in panels B to E represents an individual mouse pooled from experiments performed with 4 to 5 mice per
group. Lines indicate the means of data for the group. In panels B to E, statistical significance was determined with a Student’s t test; ns, � P � 0.05.
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2 weeks postinfection, Tregs in wt mice expanded to approximately 20% of the CD4�

T cell level (Fig. 2B). In contrast, Tregs in B10.�MT mice expanded to only about 12%
of the CD4� T cell level in the spleens (Fig. 2B). A two-way analysis of variance (ANOVA)
comparing the kinetics of the expansion of absolute numbers of Tregs in each mouse
strain indicated that Tregs in wt mice expanded at a significantly higher rate than Tregs
in B10.�MT mice (P value of �0.0001, Fig. 2C), and the difference is obvious by visual
assessment of the graph. Treg numbers in wt mice continued to expand between 1 and
2 weeks postinfection, whereas Treg numbers in �MT mice decreased during that time
period (Fig. 2C). Although fewer Tregs were present during FV infection of �MT mice,
a higher proportion of their Tregs appeared to have been activated at both 1 and
2 weeks postinfection, as determined by CD43 expression (Fig. 2D and E). Analysis of
activation by CD11a expression gave an equivalent result (data not shown). Thus, the
Tregs in �MT mice appeared to have activated and proliferated for the first week of
infection but were unable to sustain proliferation between 1 and 2 weeks postinfection.

FIG 2 Impaired Treg induction during FV infection of B cell-deficient mice. (A to E) C57BL/10 (B10) and �MT
mice were infected with 20,000 SFFU of FV i.v. or left naïve, spleens were harvested at 1 week (B to E),
2 weeks (A to E), or 3 weeks (B and C) postinfection, and CD4, FOXP3, and CD43 expression was analyzed
by flow cytometry. (A) Representative gating strategy for Tregs (CD4� FOXP3�) in B10 mice (left) or �MT
mice (right) at 2 wpi. (B to E) Quantification of the percentage of Tregs among CD4� T cells (B), the total
number of Tregs (C), the percentage of CD43� Tregs (D), and the total number of CD43� Tregs per spleen
(E). In panels B to E, each dot represents an average of 5 to 12 mice from pooled experiments and error bars
represent � standard errors of the means (SEM). ***, P � 0.001; ****, P � 0.0001; ns, P � 0.05 (comparing
B10 to �MT mice at the indicated time point, as determined by one-way ANOVA with Tukey’s posttest for
multiple comparisons).
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It appeared that the Tregs were missing a signal for continued proliferation, possibly a
signal from the missing B cells.

B cells stimulate Treg proliferation and stabilize FOXP3 expression in vitro. To
determine whether B cells were providing a stimulus for Treg proliferation, untouched
Tregs were obtained from FOXP3-GFP (FOXP3-green fluorescent protein) mice by
fluorescence-activated cell sorter (FACS) analysis of GFP� cells, labeled with CellTrace
proliferation dye, and cocultured in vitro with or without B cells from naive or FV-
infected mice. After 2.5 days of stimulation with anti-CD3 and IL-2, Treg proliferation
was analyzed by flow cytometry. Figure 3A shows representative flow cytometry plots

FIG 3 B cells induce Treg proliferation and activation in vitro. (A to E) Untreated Tregs were harvested by FACS analysis of GFP� cells from
FOXP3-GFP mice and labeled with CellTrace Violet. B cells were harvested from naive or FV-infected mice at 1 wpi with CD19� beads and stained
with CellTrace Far Red. Tregs were cultured in the absence of B cells or with B cells at a B cell/Treg ratio of either 10:1 (A to D) or 1:1 (E) in the
presence of 10 �g/ml anti-CD3 and 10 ng/ml IL-2. As a control, unstimulated (Unstim) Tregs were cultured in the absence of anti-CD3 and IL-2.
For panel E, naive B cells were either left untreated or treated with 10 �g/ml anti-GITRL for 1 h prior to coculture. After 2.5 days of coculture, cells
were harvested and CD4� CellTrace Far Red� Tregs were analyzed for FOXP3, Ki-67, CD43, and CellTrace violet expression by flow cytometry. (A)
Representative dot plots of Ki-67 and CellTrace Violet expression on Tregs (CD4� CellTrace Far Red�). The gate shows proliferating cells (Ki-67�

CellTrace Violet�). (B to E) Quantification of proliferation (% Ki-67� CellTrace Violet�) (B and E), CD43 expression (C), and FOXP3 (D) expression
among Tregs (CD4� CellTrace Far Red�). In panels B to E, bars represent means � SEM of data from 5 to 12 mice in pooled experiments. **, P �
0.01; ****, P � 0.0001 (as determined by one-way ANOVA with Tukey’s posttest for multiple comparisons).
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of two measures of proliferation, Ki-67 expression and dilution of CellTrace fluores-
cence. There was almost no proliferation in unstimulated Tregs (without anti-CD3 or
IL-2) and only minimal proliferation in stimulated Tregs in the absence of B cells
(Fig. 3B). In contrast, when B cells from either naive or FV-infected mice were cocultured
with the Tregs, the rate of proliferation was over 60% (Fig. 3B). In addition, there was
no significant expression of the CD43 activation marker on the Tregs in the absence of
B cells (Fig. 3C). We also found that, in the absence of B cells, the presence of anti-CD3
and IL-2 was insufficient to induce Treg activation, as measured by an increase in CD43
mean fluorescence intensity (MFI). However, a significant increase in Treg activation
was observed with the addition of B cells (Fig. 3C). Finally, stimulated Tregs cultured in
the absence of B cells had reduced expression of FOXP3 (Fig. 3D). Thus, B cells
promoted the stabilization of FOXP3 expression in Tregs as well as their activation and
proliferation. B cells from naive mice worked as well as B cells from infected mice.

B cell “help” is partially dependent on GITR-GITRL interactions. It has previously
been shown that stimulation of Tregs via glucocorticoid-induced TNF receptor-related
protein (GITR) interactions with its ligand (GITRL) promotes Treg proliferation (42).
Furthermore, GITRL expression specifically on B cells has been shown to promote Treg
proliferation in the context of experimental autoimmune encephalomyelitis (EAE) (36).
To determine if blocking GITRL would reduce the capacity for B cells to induce the
proliferation of Tregs, the proliferation experiments were repeated in the presence of
either control antibody or anti-GITRL blocking antibody. Cocultures containing anti-
GITRL still showed Treg proliferation, but there was significantly less seen than with
control antibody (Fig. 3D). These results indicated that GITRL was a significant factor in
B cell enhancement of Treg proliferation.

Enhanced CD8� T cell responses in B cell-deficient mice. Since Tregs have been
shown to inhibit critical CD8� T cell responses during FV infection (11, 20), it was of
interest to determine if the decreased Treg responses in B10.�MT mice were associated
with improved CD8� T cell responses. CD8� T cells from FV-infected B10 B10.�MT mice
were analyzed using dextramers to detect T cells with receptors specific for the FV
immunodominant Db-GagL epitope (43) (Fig. 4A). At 2 wpi, when Db-GagL responses
become detectable, B10.�MT mice had a significantly higher proportion of dextramer-
positive cells than wt B10 mice (Fig. 4A). Furthermore, they also had higher percentages
(Fig. 4B) and absolute numbers of dextramer-positive effector cells making granzyme B
cytotoxic granules (Fig. 4D). The proportion of all splenic CD8� T cells that were
activated and producing granzyme B at 2 wpi was significantly higher in B10.�MT mice
(Fig. 4E), and despite their having significantly smaller spleens than wt B10 mice, the
absolute numbers of activated, granzyme B-producing CD8� T cells per spleen were
equivalent in the two strains (Fig. 4F). These results indicated that impaired Treg
responses in B cell-deficient mice were indeed associated with heightened activation
and expansion of virus-specific CD8 T cells.

Improved early virus clearance in B10.�MT mice. Since CD8� T cells have been
shown to be important for early clearance of FV-infected cells (14), it was possible that
the B cell-deficient mice might control FV infection better than wt mice. A predominant
site of FV replication is the spleen, which contains an abundance of the Ter119�

erythroid cells that are the primary targets for infection (44). At 2 wpi, the total number
of FV infectious centers (ICs) per spleen was significantly lower in B10.�MT mice than
in wt B10 mice (Fig. 5A), but, as noted previously, their spleens were only about half of
normal size. Therefore, the level of infection was also calculated as the number of
infectious centers per gram of spleen. By 2 wpi, infection levels in spleens were more
than 1 log10 lower in B10.�MT mice than in wt B10 mice (Fig. 5B). FV infection
stimulates the proliferation of Ter119� erythroid cells (45), and a reduction in erythroid
cell proliferation was observed between 1 and 2 weeks postinfection in B10.�MT mice
but not until between 2 and 3 weeks postinfection in wt B10 mice (Fig. 5C). Infection
levels in monocytes, as determined by cell surface expression of FV glycosylated Gag
(glycogag) antigen (44), was also lower in B10.�MT mice than in wt mice at 2 wpi
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(Fig. 5D). It is known that virus-specific antibodies are required for long-term control
over FV (46, 47), which likely explains why B10.�MT mice failed to maintain control over
FV infection beyond 2 wpi (Fig. 5B).

Adoptive transfer of B cells into B10.�MT mice restores Tregs. We next sought
to determine whether adoptive transfer of B cells into B cell-deficient �MT mice could
restore FV-induced Treg responses. CD19� B cells were enriched from naive wt B10
spleens by the use of magnetic bead columns, and 5 � 107 donor B cells were infused
into B10.�MT recipients the day before infection with FV. Treg responses in the
recipients were then analyzed at 2 wpi. Not only did the adoptive transfer of B cells into
B10.�MT mice restore their Treg numbers to levels equivalent to those seen with wt
B10 mice, but the B transfers also significantly improved the expansion of the Tregs in
response to FV infection (Fig. 6). These results indicated that the FV-induced expansion
of Tregs was dependent on the presence of B cells at the time of infection.

DISCUSSION

It has been known for some time that B cells and antiviral antibodies are essential
for control of FV infections (particularly for long-term control) (46, 48). The current

FIG 4 Enhanced anti-FV CD8� T cell responses in B cell-deficient mice. (A to F) C57BL/10 (B10) mice and �MT mice were infected with 20,000
SFFU of FV i.v. or left naïve, spleens were harvested at 2 weeks (A to F) or 3 weeks (B to F) postinfection, and CD8, GrB, CD11a, and Db-GagL
dextramer binding was analyzed by flow cytometry. (A) Representative gating strategy for CD8� T cells at 2 wpi. (B to F) Quantification of the
percentage of dextramer� (B), percentage of dextramer� GrB� (C), absolute number of dextramer� GrB� (D), percentage of CD11a� GrB� (E), and
absolute number of CD11a� GrB� (F) cells among splenic CD8� T cells. In panels B to F, each dot represents an average of 5 to 12 mice from
pooled experiments and error bars show � SEM. *, P � 0.05; **, P � 0.01 (comparing B10 mice to �MT mice at the indicated time point, as
determined by one-way ANOVA with Tukey’s posttest for multiple comparisons).
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results reveal an additional role for B cells in promoting the response of thymus-derived
Treg responses to infection. These immunosuppressive Treg responses suppress both
CD8� T cells (17, 18) and NK cells (49), diminishing early virus control. Our in vitro
experiments showing that Treg responsiveness to TCR stimulation in the presence of
IL-2 is largely dependent on B cells and GITR ligand suggest that this B cell regulatory
activity during infection is related to the previously described function of B cells in
promoting the homeostatic maintenance of Tregs, also shown previously to be depen-
dent on GITR ligand (36, 50). Our discovery that B cells promote Treg responses to
infection adds to the increasing number of roles for B cells as modulators of the

FIG 5 More-rapid control of FV in B cell-deficient mice. (A to D) C57BL/10 (B10) mice and �MT mice were
infected with 20,000 SFFU of FV i.v. or left naïve, and spleens were harvested at 1, 2, or 3 weeks
postinfection for infectious center assays. (A and B) Flow cytometry analysis of Ter119, CD11b, and FV
glycogag (mAb34�) expression (see panels C and D). (A) Total FV infectious centers per spleen. (B) FV
infectious centers per gram of spleen. (C) Percent Ter119� (erythroid progenitor) cells within the total
splenocyte gate. (D) Percent glycogag� (% Infected, mAb34�) CD11b� monocytes. Each dot represents
an average of 5 to 12 mice from pooled experiments, and error bars show � SEM. **, P � 0.01; ****, P �
0.0001 (comparing B10 mice to �MT mice at the indicated time point, as determined by one-way ANOVA
with Tukey’s posttest for multiple comparisons).

FIG 6 Induction of Tregs following adoptive transfer of B cells. Donor B cells were purified from naive
B10 mice, and 5 � 107 B cells/mouse were injected i.v. into �MT mice 1 day before infection with 20,000
SFFU of FV i.v. or left naive. B10 mice or uMT mice without B cell adoptive transfer were used as controls.
At 2 weeks postinfection, spleens were harvested and the absolute number of CD4� FOXP3� cells per
spleen was analyzed by flow cytometry. Each dot represents an individual mouse pooled from experi-
ments performed with 2 to 4 mice per group. Bars indicate means. ***, P � 0.001 (as determined by
one-way ANOVA with Tukey’s posttest for multiple comparisons).
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immune system. The current results indicate that GITR/GITRL interactions account for
approximately half of the B cell effects on Treg expansion in vitro (Fig. 3). Further
experiments will be required to determine the mechanisms involved in the remaining
effects.

Regulatory functions for B cells have been attributed to certain subsets of B cells
(termed Bregs) that expand and typically function via IL-10 production to suppress
immunopathological cells and promote regulation (51–53). For example, high levels of
IL-10-producing Bregs correlate with high HIV loads and there is evidence that Bregs
directly suppress HIV-specific CD8� T cell function (54, 55). Also, infection with Schis-
tosoma mansoni worms induced expansion of the IL-10-producing B cells that recruit
Tregs to the lungs and suppressed allergic airway inflammation in an asthma model
(56). Helicobacter pylori infections activate B cells via TLR-2 to convert conventional T
cells to the IL-10-producing Tr-1 cells that suppress gastric immunopathology (57).
Inflammation-induced Bregs such as these are different from what we have ob-
served in FV infections. IL-10 does not play an immunosuppressive role in FV
infections (58), and there is no evidence of virus-specific (27), converted, or IL-10-
producing Tr-1 Tregs in FV infection. Rather, FV-induced Tregs are thymus derived
(26) and are most commonly specific for self-antigens.

If FV-induced Tregs are specific for self-antigens rather than FV antigens, how does
FV infection drive Treg activation and proliferation? We previously showed that for the
specific subset of Tregs possessing a V�5 TCR, which accounts for about 8% to 10% of
the Treg response to FV infection, reactivity was specific for an endogenous retroviral
superantigen that provided signal 1 through the TCR. Signal 2, or costimulation, was
provided by CD8� T cells in the following way. Upon FV infection, virus-specific CD8�

T cells become activated and transiently upregulate expression of the membrane-
bound form of TNF-�. This membrane-bound TNF-� then reacts with TNFRII on V�5�

Tregs to provide signal 2 (28). Because superantigens provide exceptionally strong TCR
signals (59–61), TNFRII signaling provides a second signal sufficient to induce prolifer-
ation of the V�5� Tregs in the absence of IL-2. Thus, the V�5� Treg response is
dependent on CD8� T cells but, interestingly, independent of IL-2 (26). The remaining
90% of the FV-induced Treg response was found to be IL-2 dependent (26). We now
show that it is also B cell dependent. Full FV-induced Treg expansion could be restored
by adoptive transfer of B cells into B10.�MT mice (Fig. 6), indicating that the defect in
Treg expansion was indeed attributable to the lack of B cells at the time of infection and
not to a problem of Treg development in a B cell-deficient mouse. In vitro experiments
indicated that the Tregs needed not only T cell receptor stimulation and IL-2 for
proliferation but also stimuli from B cells, which promoted both Treg proliferation and
the maintenance of FoxP3 expression (Fig. 3). Interestingly, B cells from either naive or
FV-infected mice were able to promote anti-CD3/IL2-induced Treg proliferation in vitro
(Fig. 2). Thus, infection-induced changes in a B cell phenotype such as activation or
differentiation were not required for their ability to promote the virus-induced expan-
sion of Tregs. Rather, this ability appeared to be a constitutive property of the B cells.
B cells constitutively express GITRL, the ligand for GITR, which is expressed on the cell
surface of Tregs (62, 63) and which we found to provide a strong signal for Treg
proliferation in vitro. Thus, we propose a model for FV-induced Treg proliferation in
which Tregs receive signal 1 via TCR stimulation from normal self-antigens. Under
homeostatic conditions, they also receive a second signal from GITR signaling through
resting B cells (36). These two signals maintain the low level of Treg activity necessary
for self-tolerance. Like other T cells, the responsiveness of Tregs appears to be tightly
controlled and expansion of the Treg subset requires additional signals. In FV infections,
the additional signal comes from IL-2, which is secreted by a number of responding
cells, including dendritic cells, NK cells, and antigen-specific CD4� and CD8� T cells.
Thus, Tregs, which constitutively express the high-affinity IL-2 receptor CD25, receive a
potent cytokine signal for proliferation during FV infection.

It is interesting to speculate whether B cells promote Treg responses during infec-
tions with viruses in humans. Since treatment of infected patients with B cell-depleting
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therapeutics such as rituximab is not typical, the effect of such therapy on Tregs has
been sparsely investigated. However, in a study of 21 hepatitis C virus-infected mixed
cryoglobulinemia vasculitis patients treated with rituximab, complete responders to
therapy exhibited expansions of the regulatory T cell subsets (64). Increases in levels of
Tregs following rituximab therapy in noninfectious diseases such as systemic lupus
erythematosus have also been shown (33). Thus, B cells strongly affect Tregs in humans,
although the clinical results thus far appear to be opposite those that we observed in
the mice. In contrast, in vitro studies have shown that B cells can stimulate potent
expansion of human Tregs (65, 66), similarly to what we observed in the mice. At this
point, it will take significantly more investigation to determine what factors produce
these differential outcomes. In HIV infections, Tregs play complex roles, postulated to
be both beneficial in downregulating immune hyperactivation and detrimental in
suppressing antiviral immune-mediated virus clearance (67, 68). A recent study using
FOXP3 and Helios to label Tregs indicated that HIV-1-infected children had expanded
FOXP3� Helios� subsets and that increased Treg levels were associated with advanced
disease (69). Of course, it is still completely unknown whether B cells play any role in
Treg expansion during HIV infections or even whether it would be beneficial to patients
to modulate Treg responses either up or down. What is becoming increasingly clear,
however, is that individual subsets of lymphocytes play multifunctional roles, including
regulatory as well as effector functions. Thus, the modulation of one subset through
immunotherapy can have unexpected consequences for other subsets unless the
interconnections and mechanisms of intercellular communications between all subsets
are fully understood. The current study revealed that B cells not only provide important
regulatory control over homeostatic Treg levels and autoimmune disease-related ex-
pansions of Tregs but also regulate the virus-induced expansion of this important
subset. Understanding this opens the possibility of designing therapeutics that can
alter the regulation of immune responses during infections in a manner that is
beneficial to the host.

MATERIALS AND METHODS
Mice. Experiments were conducted using female C57BL/10 (B10) mice, C57BL/10SgSnAi-[KO]�MT

N13 (B10.�MT) mice (obtained from NIAID/Taconic and bred at the Rocky Mountain Laboratories,
Hamilton, MT), and B6.FOXP3-DTR-GFP (FDG) mice (obtained from Jackson Laboratory and bred at the
Rocky Mountain Laboratories, Hamilton, MT) (70). All of the mice were 10 to 20 weeks old at the
beginning of the experiments and were treated in accordance with Animal Care and Use Committee-
approved protocols 2015-024 and 2015-039 under the regulations and guidelines of the National
Institutes of Health.

Virus, injections, and infectious center assay. The FV stock used in these experiments was an FV
complex containing replication-competent B-tropic Friend murine leukemia helper retrovirus and
replication-defective polycythemia-inducing spleen focus-forming retrovirus (free of lactate
dehydrogenase-elevating virus) (44). Mice were infected by intravenous (i.v.) injection of 20,000 spleen
focus-forming units (SFFU) in 0.2 ml via the retroorbital sinus. For analysis of in vivo responses, spleens
were harvested at 7, 14, or 21 days postinfection, homogenized, processed, and stained for flow
cytometric analysis following red blood cell lysis with ammonium chloride potassium (ACK) buffer for
5 min. The IC assays were performed as described previously by seeding dilutions of splenocyte
suspensions onto susceptible Mus dunni cells (44, 71).

Surface and intracellular antibody staining and flow cytometry. The following antibodies were
used for cell surface staining: monoclonal antibody 34 (mAb34) against FV glycogag, anti-CD19 (1D3;
BioLegend), anti-CD8 (53-6.7; BD), anti-CD43 (1B11; BioLegend), anti-CD11a (LFA1; BioLegend), anti-CD44
(1M7; BioLegend), anti-Ter119 (TER-119; eBio), anti-CD11b (M1/70; eBio), and Db GagL dextramer
(Immudex). Following surface staining, intracellular staining was performed with a FOXP3 permeabiliza-
tion and fixation kit from eBiosciences according to the recommendations of the manufacturer using the
following antibodies: Ki-67 (SolA15; BD) and GrB (GB11; Invitrogen). Lymphocyte populations were
initially gated on the basis of forward scatter versus side scatter. Flow cytometric data were collected
with an LSRII flow cytometer (BD Biosciences) and analyzed using FlowJo software (Tree Star). FACS
analysis was performed on a FACSAria instrument (BD Biosciences).

Adoptive transfers. Donor B cells were purified from naive B10 mice using CD19� magnetically
activated cell sorting (MACS) columns per the manufacturer’s recommendations. B cells were pooled and
resuspended in heparinized phosphate-buffered balanced salt solution (PBBS). Recipient mice received
5 � 107 B cells i.v. 1 day before infection.

In vitro coculture assays. Splenocytes were harvested from naive FDG mice, and CD19� cells were
depleted with MACS LD columns according to the manufacturer’s instructions. Using the remaining
CD19� fraction, untouched Tregs were enriched by FACS analysis of GFP� (FOXP3�) cells and stained
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with CellTrace Violet (Pacific Blue [PB]) dye according to the manufacturer’s recommendations. B cells
were harvested from naive or FV-infected B10 mice at 1 wpi by positive selection with CD19 MACS
columns. B cells were incubated with or without 10 �g/ml anti-GITRL for 1 h, stained with CellTrace Far
Red (allophycocyanin [APC]), and cocultured with Tregs at a 10:1 B cell/Treg ratio for 2.5 days in the
presence or absence of 10 ng/ml IL-2 and 10 �g/ml anti-CD3. Proliferation was determined by Ki-67
expression and loss of CellTrace PB dye by flow cytometry. CellTrace-APC� cells were excluded from the
analysis.
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