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Regulatory T (T reg) cells play an essential role in preventing autoimmunity but can also
impair clearance of foreign pathogens. Paradoxically, signals known to promote T reg cell
function are abundant during infection and could inappropriately enhance T reg cell activ-
ity. How T reg cell function is restrained during infection to allow the generation of effec-
tive antiviral responses remains largely unclear. We demonstrate that the potent antiviral
type | interferons (IFNs) directly inhibit co-stimulation-dependent T reg cell activation and
proliferation, both in vitro and in vivo during acute infection with lymphocytic choriomen-
ingitis virus (LCMV). Loss of the type | IFN receptor specifically in T reg cells results in
functional impairment of virus-specific CD8+ and CD4+ T cells and inefficient viral clear-
ance. Together, these data demonstrate that inhibition of T reg cells by IFNs is necessary
for the generation of optimal antiviral T cell responses during acute LCMV infection.

CD4* regulatory T (T reg) cells expressing
the transcription factor Foxp3 are potent anti-
inflammatory cells capable of restraining immune
responses to both self- and foreign antigens
(Sakaguchi et al., 2008). In addition to pre-
venting autoimmunity and immunopathology,
T reg cells can also inhibit immune responses
during viral, bacterial, and parasitic infections
(Belkaid and Tarbell, 2009). Although this ac-
tivity is beneficial to the host in some instances
(Lund et al., 2008), T reg cell-mediated sup-
pression can also impair clearance of harmful
pathogens. Enhanced T reg cell numbers, for
example, are associated with higher viral bur-
den and exaggerated liver pathology after infec-
tion with hepatitis C virus (Cabrera et al., 2004;
Bolacchi et al., 2006), and T reg cell depletion
protects mice infected with Plasmodium yoelii from
death by restoring anti-parasite effector responses
(Hisaeda et al., 2004). These studies highlight
the need to tightly regulate T reg cell activity in
different immune contexts to prevent autoim-
munity while allowing protective immune re-
sponses to harmful pathogens.

Of the factors known to control T reg cell
abundance and function in the periphery, the
role of the cytokine IL-2 and antigen recogni-
tion are best understood. T reg cells constitutively
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express the IL-2 receptor component CD25,
and because T reg cells are thought to be largely
self-reactive their abundance is also influenced by
TCR signaling. Indeed, changes in the availabil-
ity of IL-2 or the activity of antigen-presenting
DCs alter T reg cell abundance (Boyman et al.,
2006; Darrasse-Jeze et al., 2009), and muta-
tions in IL-2, CD25, or molecules important
forT cell activation via the TCR, such as Zap70
or the costimulatory receptors CD28 and ICOS,
all result in impaired T reg cell homeostasis and
render mice susceptible to autoimmunity (Tang
et al., 2003; Herman et al., 2004; Tanaka et al.,
2010). Paradoxically, these signals that drive
T reg cell proliferation are also abundant during
infection when T reg cell activity may need to be
curbed. IL-2 is produced by activated pathogen-
specific CD4* T cells (Long and Adler, 2006),
and recognition of pathogen-associated molec-
ular patterns drives dendritic cell activation, re-
sulting in increased antigen presentation and
expression of MHC class II and co-stimulatory
ligands. Although this is essential for priming of’
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pathogen-specific T cells, it could also lead to enhanced T reg
cell activation, which could dampen protective T cell responses.

The type I IFNs are a family of cytokines that are essential for
antiviral immunity in both mice and humans (Theofilopoulos
et al., 2005). These cytokines signal through the heterodimeric
type I IFN receptor (IFNaR), leading to phosphorylation
and activation of STAT1 and STAT?2, and induction of hun-
dreds of IFN-stimulated genes. The IFNaR is expressed by
nearly all nucleated cells, and type I IFNs can induce apopto-
sis, block translation, and inhibit cellular proliferation of many
cell types. This helps limit viral spread and has made type I
IFNs clinically useful in the treatment of chronic viral infec-
tion and certain types of leukemia (Trinchieri, 2010). Addi-
tionally, IFNs activate cytotoxic function in NK cells (Nguyen
et al., 2002), enhance antigen-presentation and production
of pro-inflammatory cytokines in DCs (Luft et al., 1998), and
are required for the clonal expansion of virus-specific CD8*
and CD4" T cells during murine infection with lympho-
cytic choriomeningitis virus (LCMV; Kolumam et al., 2005;
Havenar-Daughton et al., 2006). Previous studies have pro-
vided conflicting results regarding the impact of type I IFNs
onT reg cells (Golding et al., 2010; Namdar et al., 2010; Pace
et al., 2010; Riley et al., 2011; Mozzillo and Ascierto, 2012)
and have generally not used experimental systems to examine
the direct effects of IFNs on T reg cell homeostasis and func-
tion. Thus, the influence of type I IFN signaling on T reg cell
function and the importance of this for the generation of effec-
tive antiviral immune responses remain poorly understood.

Here, we demonstrate that type I IFNs directly inhibit
co-stimulation—dependent T reg cell proliferation and activa-
tion both in vitro and in vivo during acute infection with
LCMV. This inhibition is cell-intrinsic and preferentially tar-
gets CD62L°CD44" effector/memory T reg cells that potently
inhibit effector T cell responses. Selective loss of IFNaR ex-
pression on T reg cells during LCMV infection results in func-
tional impairment of virus-specific CD8* and CD4" T cells
and inefficient viral clearance. Together, these data indicate
that transient inhibition of T reg cells by IFNs during acute
viral infection is necessary for the development of optimal
antiviral T cell responses.

RESULTS

T reg cells are dynamically regulated

during acute viral infection

In C57BL/6 mice, infection with the Armstrong strain of
LCMV causes acute viremia and induces potent CD4" and
CD8* T cell responses that result in viral clearance by ~8 d
post infection (dpi). To determine how T reg cell activity is
modulated during viral infection, we first monitored T reg
cell proliferation and abundance over the course of LCMV-
Armstrong infection. Whereas at 2 dpi there was little change
in T reg cell abundance and phenotype, T reg cell numbers
dropped progressively in the spleens of infected mice by 4 and
7 dpi (Fig. 1 a). This correlated with a significant decline in
T reg cell proliferation at these time points, as measured by the
percentage of cells expressing the cell cycle—associated nuclear
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antigen Ki-67, a common marker of cell proliferation which
is expressed by cells in the G1, S, G2, and M phases of the cell
cycle but not by quiescent cells in GO (Fig. 1 a).

This reduction in T reg cell abundance correlated in-
versely with CD4*Foxp3~ and CD8* T effector cell responses,
which peaked in proliferation and number at 7 dpi, consistent
with published findings (Fig. 1 b; Murali-Krishna et al., 1998;
Homann et al., 2001). After viral eradication, T reg cells dis-
played a proliferative burst at 14 dpi, which correlated with a
significant recovery in T reg cell numbers and a reduction
in the proliferation and number of CD4*Foxp3~ and CD8"
T cells (Fig. 1, a and b).

LCMYV provokes a robust type I IFN response that peaks
at ~2 dpi and 1s required for antigen-specific T cell expansion
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Figure 1. T reg cells are dynamically regulated during LCMV
infection. (a) Proportion of Ki-67* cells among CD4*Foxp3* T reg cells
(left) and absolute number of CD4*Foxp3* T reg cells (right) in spleens of
mice left uninfected (U) or at various dpi with LCMV-Armstrong. (b) Pro-
portion of Ki-67* cells (left) and absolute number (right) of CD4*Foxp3~
T cells (bottom) and CD8+ T cells (top) in spleens of mice infected with
LCMV-Armstrong. (c) Fold induction of /fnb mRNA from whole spleens of
mice infected with LCMV-Armstrong relative to uninfected controls. /fnb
mRNA expression was normalized to Gapdh expression. (d) Median fluor-
escence intensity (MFI; top) and representative staining (bottom) of phospho-
STAT1 in gated CD4*Foxp3* T reg cells directly ex vivo from spleens of
mice infected with LCMV-Armstrong. For all panels, n = 3-4 mice per
group. Statistical significance was determined using one-way ANOVA
with Tukey's post-test (a-d). *, P < 0.05; **, P < 0.005; **, P < 0.0001. Data
are representative of two independent experiments with 3-4 mice per
time point. All data are presented as the mean values + SEM.
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Figure 2. Type | IFNs directly inhibit T reg cell
proliferation and activity in vitro. (a, Left) T reg cell
proliferation assay showing CPDye dilution of gated WT
(left) or Ifnar1=I= (right) CD4*Foxp3* T reg cells cultured
with WT (top) or /fnar 1=/~ APCs (bottom) in the absence
(gray) or presence (black) of 50 U/ml IFN-@ after 72 h

of culture with soluble CD3 and IL-2. (a, Right) Division
index (top) and absolute number (bottom) of WT (black) or
Ifnar1=1= (gray) T reg cells after 72 h of culture in the
indicated conditions. (b, Left) In vitro suppression assay
showing CPDye dilution of /fnar1~/~ CD4*Foxp3~

Teony Cells in the presence of WT or Ifnar1=/= T reg cells at
the indicated T reg/T,,,, cell ratios in the absence (gray)
or presence (black) of 50 U/ml IFN-@ after 72 h of culture
with soluble CD3 and irradiated /fnar1=/= APCs. (b, Right)
Absolute number of and percent suppression by WT
(black) or Ifnar1=1= (gray) T req cells at decreasing

T reg/T.y,, cell ratios after 72 h culture in the absence

(=) or presence (+) of 50 U/ml IFN-B. Data are represen-
tative of 3 independent experiments.
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and for viral clearance (Fig. 1 ¢; Miiller et al., 1994). T reg
cells analyzed directly ex vivo from infected spleens showed
increased phosphorylation of STAT1 that peaked by 2 dpi
and gradually declined in intensity, closely mimicking the ki-
netics of IFN-f induction in infected spleens (Fig. 1 d). Inter-
estingly, STAT1 phosphorylation in T reg cells preceded the
decline in T reg cell number and proliferation, suggesting that
type I IFN signaling may play a role in inhibiting T reg cells
during infection.

IFN-@ directly inhibits T reg cell proliferation in vitro

To determine whether type I IFNs could be responsible for
the attrition of T reg cells we observed during acute LCMV
infection, we tested the effect of IFN- on T reg cell prolifera-
tion in vitro. For this, we isolated CD4*CD25" T reg cells
from WT or Ifuarl~/~ mice that lack functional IFNaR ex-
pression, labeled them with CFSE, and cultured them with
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Ifnar1~'~ APCs, soluble anti-CD3, and IL-2 in the presence or
absence of recombinant IFN-[3. After 72 h of culture, both WT
and Ifnar1=/~ T reg cells proliferated robustly in the absence of
IFN-B. However, increasing concentrations of IFN-[3 sub-
stantially reduced the proliferation of WT but not Ifnar! =/~
T reg cells (Fig. 2 a and not depicted). Under physiological
conditions, however, both APCs and T reg cells will be ex-
posed to IFNs during infection, and the sum of IFN’s effects
on both cell populations may affect T reg proliferation differ-
ently. Thus, to determine how IFNs affect T reg proliferation
in this setting, we cultured WT or Ifnar1™'~ T reg cells with
WT APCs in the presence or absence of IFN-f for 72 h. In-
terestingly, IFN-f3 inhibited the proliferation of WT T reg cells
but not Ifnar!™’~ T reg cells to the same extent whether in the
presence of WT or Ifnar1~'~ APCs, suggesting that inhibition
was due to a direct effect of IFN-f3 on T reg cells and not due
to an indirect effect on APCs (Fig. 2 a).
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Figure 3. Type | IFNs directly inhibit T reg cell proliferation and activity during LCMV infection. (a, Left) Ratio of /fnar1~/~|WT CD4*Foxp3* T reg cells
in spleens of mixed bone marrow chimeric mice left uninfected or 7 dpi with LCMV Armstrong. (a, Right) Absolute number of WT (black) and /fnar1=/=
CD4+Foxp3* T reg cells in spleens of mixed bone marrow chimeric mice left uninfected or 7 dpi. (b, Left) Summary of Ki-67 expression by WT (black) and
Ifnar1~1= (gray) CD4+Foxp3* T reg cells from spleens of mixed bone marrow chimeric mice left uninfected or 7 dpi. (b, Right) Representative flow cytometry
analysis of Ki-67 expression by gated CD45.1+ WT (black) and CD45.2+ Ifnar1~!= (gray) CD4*Foxp3+ T reg cells in spleens of mixed bone marrow chimeric

mice 7 dpi. (c) Summary of Ki-67 expression by WT (black) and /fnar1~/~ (gray) CD8* and CD4*Foxp3~ T cells from spleens of mixed bone marrow chimeric mice
left uninfected or 7 dpi. (d) Representative flow cytometry analysis and summaries of the indicated markers expressed by WT (black) and /fnar 1=/~ (gray)
CD4+Foxp3* T reg cells in spleens of mixed bone marrow chimeric mice left uninfected or 7 dpi with LCMV-Armstrong. (e, Left) Ratio of /fnar1=/=|WT
CD4+Foxp3* T reg cells in small intestinal LP (SI-LP) of mixed bone marrow chimeric mice left uninfected or 7 dpi with LCMV Armstronag. (e, Right) Absolute
number of WT (black) and /fnar 1=/~ CD4*Foxp3* T reg cells in SI-LP of mixed bone marrow chimeric mice left uninfected or 7 dpi. (f, Left) Summary of Ki-67
expression by WT (black) and Ifnar 1=/~ (gray) CD4*Foxp3* T reg cells from SI-LP of mixed bone marrow chimeric mice left uninfected or 7 dpi. (f, Right) Repre-
sentative flow cytometry analysis of Ki-67 expression by gated CD45.1+ WT (black) and CD45.2+ Ifnar 1=/~ (gray) CD4*Foxp3* T reg cells in SI-LP of mixed bone
marrow chimeric mice 7 dpi. Statistical significance was determined using two-tailed paired t test when comparing WT and /fnar 1=/~ cells within the same
chimeric mouse. Two-tailed unpaired Student's t test was used when comparing cells from different mice. n = 4 per group. Data are representative of 6 (a-d) or
2 (e and f) independent experiments with 3-4 mice per group. *, P < 0.05; *, P < 0.005; ***, P < 0.0001. All data are presented as the mean values + SEM.

Next, we asked if addition of IFN-f could impair T reg~ APCs from Ifnar1~/~ mice. In the absence of added IFN-f3,

cell function in a standard in vitro suppression assay. To ensure
that the effects of IFN-8 were restricted to T reg cells, we
isolated CD4"CD25~ conventional T cells (T, cells) and

conv
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T oy cell proliferation was suppressed equivalently by the ad-
dition of sorted WT or Ifnar1~/~CD4*Foxp3#?* T reg cells.
However, addition of IFN-f3 substantially inhibited suppression
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by WT T reg cells but not by Ifnar1~/~ T reg cells (Fig. 2 b).
This inhibitory effect was magnified at decreasing T reg/T .,
cell ratios, suggesting that the effect of IFNs is most apparent
when T reg cell activity is already limited and may be due to
the impaired proliferation of T reg cells in these cultures. In
fact, IFN-B—treated WT T reg cells showed a substantial re-
duction in cell number at the end of the culture period, whereas
Ifnar1='~ T reg numbers were unaffected by the addition of
IFN-B, suggesting that decreased T reg cell numbers may
underlie the decline in suppression of T, cell proliferation
(Fig. 2 b). Consistent with this, culture conditions with simi-
lar numbers of WT T reg cells (e.g., 1:4 with IFN compared
with 1:8 without IFN) demonstrated similar suppression of
T ony cell proliferation (~40%), regardless of the presence of
IFN-B (Fig. 2 b). This suggests that reduced suppression was
due to a decline in T reg cell numbers rather than an inhibi-
tion in T reg cell activity or function on a per-cell basis.

Type I IFNs directly inhibit T reg cell proliferation

and activation during LCMV infection

To determine if type I IFNs act directly on T reg cells to in-
hibit their activation during viral infection, we set up mixed
bone marrow chimeras by transferring a 1:1 mixture of bone
marrow from CD45.2% Ifuar!~’~ and CD45.1" WT donor
mice into irradiated T cell-deficient TCR-B8 '~ recipients.
After full hematopoietic reconstitution, WT and Ifnar! =/~ T reg
cells were present at equal numbers and were phenotypically
similar, with ~15-20% of each population Ki-67", indicating
that Ifnar1~/~ T reg cells were not intrinsically different from
their WT counterparts (Fig. 3, a and b). However, at both
4 and 7 dpi, there was a dramatic decline in the number of WT
T reg cells but not Ifnar!='~ T reg cells (Fig. 3 a and not de-
picted), consistent with our in vitro results (Fig. 2 a). Addition-
ally, at both 4 and 7 dpi there was a dramatic increase in Ki-67
expression among Ifnar!~'~ T reg cells compared with WT
T reg cells in the same animals (Fig. 3 b and not depicted).
This pattern was unique to T reg cells, as Ifnar!~'~ effector
CD8" and CD4"Foxp3~ T cells examined in the same mixed
bone marrow chimeric mice showed impaired proliferation
compared with their WT counterparts, consistent with previ-
ous studies demonstrating that type I IFNs are required for
the expansion of virus-specific T cells (Fig. 3 ¢; Kolumam et al.,
2005; Havenar-Daughton et al., 2006). Moreover, Ifnar1™'~
T reg cells displayed a more activated phenotype, with a greater
proportion expressing the chemokine receptor CXCR3, and
elevated surface expression of the activation markers CD44
and ICOS (Fig. 3 d). Expression of inhibitory receptors im-
portant for T reg cell suppressive function, such as CTLA-4,
PD-1, and GITR, was also increased on Ifnar!~'~ T reg cells
(Fig. 3 d), altogether indicating that type I IFNs directly in-
hibit T reg cell proliferation, activation, and function during
LCMYV infection.

The decline in the number of WT T reg cells in the spleens
of infected mice could reflect a selective redistribution of
T reg cells to nonlymphoid tissues. Specifically, recent studies
have posited a role for IFNs in the distribution of T reg cells
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Figure 4. Neither WT nor Ifnar1=/~ T reg cells are GPgg_;,
specific during LCMV infection. Left: representative histograms show-
ing 1-A®/GPy,_,, tetramer staining among gated WT (left) or /fnar1=/-
(right) CD4*Foxp3~ T cells (top) and CD4+Foxp3+ T cells (bottom) from
spleens of the same mixed bone marrow chimeric mouse 7 dpi with
LCMV-Armstrong. Numbers represent frequency of tetramer-positive
cells among the indicated populations. Right: absolute number of the
indicated tetramer-positive populations in spleens of chimeric mice 7 dpi
with LCMV-Armstrong. Statistical significance was determined using two-
tailed paired Student's t test. n = 4 per group. Data are representative

of 2 independent experiments with 3-4 mice per group. *, P < 0.05,

P < 0.0001. All data are presented as the mean values + SEM.

in the mucosa during inflammatory colitis (Lee et al., 2012).
However, at 7 dpi we did not detect any change in the number
or proliferation of WT T reg cells in the intestinal lamina pro-
pria (LP; Fig. 3, e and t), suggesting that WT T reg cells from the
spleen are not redistributing to the gut. Rather, there was a mas-
sive and significant increase in the proliferation and number
of Ifnar1~/~ T reg cells in the LP,and the ratio of Ifnar1=/~/WT
T reg cells approached 6:1 in the LP, compared with 3:1 in
the spleens of the same animals (Fig. 3, a, e, and f). Thus, these
data suggest that IFNs do not simply induce T reg cells to re-
distribute to nonlymphoid/mucosal tissues, but that they di-
rectly inhibit T reg cell proliferation and accumulation in both
lymphoid and nonlymphoid tissues during LCMV infection.
Recent studies have demonstrated that pathogen-specific
natural T reg cells are potent suppressors of effector responses
and can delay or prevent pathogen clearance (Zhao etal., 2011;
Shafiani et al., 2013). To determine if loss of type I IFN re-
sponsiveness allowed for the expansion of LCMV-specific
T reg cells, we used tetramer staining to track cells specific for
the immunodominant [-A’/GP -, epitope in our mixed
bone marrow chimeric mice. LCMV infection provoked a ro-
bust response to the GP¢,_,, peptide only among WT-derived
CD4"Foxp3~ effector T cells (Fig. 4). As expected, GPg4 77~
specific cells were largely absent from the population of Ifinar1™/~
CD4*Foxp3~ T cells, consistent with the requirement for
IFN in the expansion of antigen-specific effector CD4* T cells
during LCMV infection (Havenar-Daughton et al., 2006).
However, only ~1-2% of either WT or Ifnar1~'~ T reg cells
were [-A%/GPg, ;;-specific, indicating that the majority of
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T reg cells during LCMYV infection are not specific for the
immunodominant [-AP/GP -, epitope. Moreover, although
Ifnar1='~ T reg cells are hyperproliferative, activated, and ac-
cumulate during LCMV infection, this was not due to an ex-
pansion of T reg cells specific for the [-A*/GP, -, epitope.

Type | IFNs preferentially inhibit

CD62L'°CD44" effector T reg cells

Like effector T cells, T reg cells can be divided into distinct sub-
sets based on their expression of CD44 and CD62L (Fig. 5 a;
Huehn et al., 2004; Min et al., 2007). CD62LMCD44l°
(“CD44%”) T reg cells have a quiescent phenotype, undergo
minimal homeostatic proliferation, and recirculate through
secondary lymphoid tissues. In contrast, CD62L°CD44M
(“CD44P”) effector T reg cells are highly proliferative and ex-
press high levels of functional immunosuppressive molecules
such as IL-10, GITR, and CTLA-4 (Cretney et al., 2013). In-
terestingly, the reduction in T reg cell number we observed
during LCMYV infection was restricted primarily to the CD44M
T reg cell subset, whereas the number of CD44"° T reg cells
did not significantly change (Fig. 5 a). The selective decline
in CD44" T reg cells was IFN-dependent, as the number of
CD44M T reg cells was reduced among W'T but not Ifnar1™/~
T reg cells in mixed bone marrow chimeric mice 7 dpi, whereas
the number of CD44° T reg cells remained unchanged among
both WT and Ifnar!~'~ T reg cells (Fig. 5 b), suggesting that
type I IFNs preferentially act on the effector T reg cell popu-
lation. Consistent with this hypothesis, CD44" T reg cells
showed a significantly greater degree of STAT1 phosphory-
lation than CD44° T reg cells in vivo during LCMV infec-
tion and in vitro after stimulation with IFN- (Fig. 5, ¢ and d).
In contrast, STAT1 phosphorylation was reduced in CD44"
effector CD8" and CD4*Foxp3~ T cells (Fig. 5 d). Although
both CD44" and CD44" T reg cells showed comparable ex-
pression of IFNaR 1, CD44M T reg cells expressed consis-
tently higher amounts of IFNaR 2 and total STAT1 protein
(Fig. 5 €). Additionally, CD44" T reg cells expressed lower
amounts of Socs7 mRNA, a negative regulator of type I IFN
signaling, as well as higher amounts of miR-155, a negative
regulator of Socs1 (Fig. 5 f). Collectively, these changes in
the IFNaR signaling machinery likely account for the higher
responsiveness of CD44M T reg cells to type I IFNG.

On most cells, type I IFNs are pro-apoptotic and anti-
proliferative, and this is thought to underlie much of their anti-
viral effects. To determine if IFNaR signaling results in attrition
of CD44"M T reg cells during infection, we asked how LCMV
infection impacted the recovery of sorted CD44M WT and
Ifnar1=/~ T reg cells after adoptive transfer into congenically
marked recipients. Indeed, we recovered significantly fewer of
the transferred CD44" WT T reg cells from infected mice,
whereas the number of Ifnarl~/~ CD44M T reg cells did not
change after infection (unpublished data). These results were
consistent with the IFNaR-dependent loss of CD44" T reg
cells we observed in our mixed bone marrow chimeric mice
upon LCMYV infection (Fig. 5 b) and indicate that CD44M
T reg cells undergo IFN-dependent attrition during LCMV
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infection. Moreover, the proliferation of WT CD44" T reg
cells was substantially lower than that of Ifnar1~/~ CD44h
T reg cells in LCMV-infected mixed bone marrow chimeras
(Fig. 5 g), indicating that IFNs also have direct anti-proliferative
effects on these cells. Thus, a combination of IFN’s anti-
proliferative and pro-apoptotic effects on CD44M effector
T reg cells likely accounts for the loss of T reg cells observed
during LCMV infection.

Enhanced proliferation of Ifnar1=/= T reg cells

during LCMV infection is ICOSL- and CD28-dependent

To better define the mechanism of IFN’s anti-proliferative
effects on T reg cells, we determined whether IFNs blocked
T reg cell proliferation in response to different activating signals.
IL-2 and the closely related cytokine IL-15 can drive T reg cell
proliferation both in vitro and in vivo (Boyman et al., 2006;
Clark and Kupper, 2007; Xia et al., 2010), and both are ex-
pressed abundantly during LCMV infection by effector T cells
and as an IFN-stimulated gene, respectively (Zhang et al., 1998;
Williams et al., 2006). However, pretreatment of T reg cells
for 30 min with IFN-f3 did not affect IL-2—induced phos-
phorylation of STAT5 (unpublished data). Additionally, using
blocking antibodies and genetically deficient mice, we deter-
mined that neither IL-2 nor IL-15 was required for the en-
hanced proliferation of Ifnar1~/~ T reg cells during LCMV
infection (Fig. 6, a and b).

In addition to cytokine-driven proliferation/survival, rec-
ognition of self-antigen via stimulation of the TCR and co-
receptors like CD28 and ICOS is also known to positively
regulate T reg cell homeostasis (Tang et al., 2003; Darrasse-
Jeze et al., 2009). Therefore, we hypothesized that during
infection increased antigen presentation and expression of co-
stimulatory ligands by pathogen-activated DCs drives the acti-
vation and proliferation of Ifnar1~/~ T reg cells. Indeed, the
number and proliferation of Ifnar1™/~ T reg cells was signifi-
cantly reduced 7 dpi after B7-1/B7-2 blockade compared with
IgG-treated controls (Fig. 6 ¢).This inhibition was not second-
ary to impaired IL-2 signaling caused by reduced activation of
effector T cells, as STAT5 phosphorylation in T reg cells was
not decreased after B7-1/B7-2 blockade (unpublished data). To
confirm that enhanced proliferation of Ifnar1~/~ T reg cells
required T reg cell-intrinsic B7/CD28 co-stimulation, we com-
pared the proliferation of Ifnar!=’~ and Ifnar1=/~Cd28~/~
T reg cells transferred into WT recipients 4 dpi. Similar to our
results with B7 blockade, loss of CD28 expression completely
blocked the enhanced proliferation and accumulation of
Ifnar1=/~ T reg cells during infection (Fig. 6 d), indicating that
the hyperproliferation of Ifnar1~'~ T reg cells during LCMV
infection is dependent on CD28 co-stimulation. However,
Ifnar1=/~ T reg cells still proliferated roughly twofold more
and were present at higher number than WT T reg cells in
both control and B7-1/B7-2-blocked mice, indicating that
the ability of type I IFNs to inhibit T reg cell proliferation is
independent of any direct effects on CD28 signaling. Consis-
tent with this, IFN-3 had no effect on CD3/28-dependent
phosphorylation of the downstream PI3K/Akt substrate S6
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{ cD44°, 38.0%

CD44n |
0d 41.2%

0
CD44 —>

CD4'Foxp3*
mC

e

pSTAT1 (MFI, X100

Uuz2a417
Days Post-Infection

d +
;\5
o
‘>_<4
o 3
=
=
=

1
5
Q_D

CD4'Foxp3*

0.01 01 1 10 100

IFNB (U/ml)
cbs

g

pSTAT1 (MFI, x10)

04
00101 1 10 100

IFNB (U/ml)

14

pSTAT1 (MFI, x10°)

0

- . OCD44e ]
m

CD4*Foxp3- CD4'Foxp3, 50U/ml

CD4*Foxp3* CD4"Foxp3* b CD4*Foxp3* CD4*Foxp3*
CD44e CD44"' CD44e BWT . CDA44n
g 120 8 n.s. — i3
o o l_| I 2
S5 g 2 2 ™3
x 15 X1 3 = ¢
g 10 g 1 g E ’
[ £ € € »
= = | — =]
= 5 = = =
— = — = 1
uz2417 uz24tv7 7 u 7
Days Post-Infection Days Post-Infection
Uninfected 2 dpi
w1 W CD44" Treg
D44 ECD44° Treg
14 HSTAT1
CD4*Foxp3*, 50U/ml @ IFNaR1

pSTAT1 _

CD8*, 50U/ml

MFI (x10°)

o
CD44° CD44n
IFNaR2

*x

0pSTAT1 E—

00101 1 10 100 bp1 .-
IFNB (U/ml) -
W CD44" =WT CD44"
O CD44 w WT CD44l
f miR-155
600 59—

AEU

ZH

200;

ol— T
CD44> CD44"

0— T
CD44> CD44"

Treg Subset

g CD4*Foxp3+*CD44"

Ki-67 (%)

0.0

CD44° CD44n
STAT1

\-

CD4*Foxp3*

°IFNaR1———

CD4'Foxp3*

°IFNaR2——>

CD4'Foxp3*

CD44° CD44"
Treg Subset

80 *
—

604 @ Ifnart”

40

201

U 7
Days Post-Infection

. STAT] ——

=|sotype ctrl
=CD44"
w CD44v

7 dpi

0
Ki-67 ——

in T reg cells (unpublished data), indicating that type I IFNs

do not inhibit T reg cells by directly modifying this important

costimulatory si

JEM Vol. 211, No. 5

gnaling pathway.

Article

Figure 5. Type | IFNs preferentially inhibit
CD62L'°CD44N effector/memory T reg cells.

(a, Left) Representative gating of CD44'° and CD44"
T reg cells. (a, Right) Absolute number of CD44" and
CD44" CD4*Foxp3+ T reg cells in spleens of mice
infected with LCMV-Armstrong. Data are representa-
tive of two independent experiments. n = 4 mice per
group. Statistical significance was determined using
one-way ANOVA with Tukey's post-test. (b) Abso-
lute number of CD44 (left) and CD44" (right)
CD4*Foxp3* T reg cells in mixed bone marrow
chimeric mice left uninfected or 7 dpi. Data are
representative of 6 independent experiments with
3-4 mice per group. Statistical significance was
determined by two-tailed paired Student's ¢ test.
Two-tailed unpaired Student's t test was used when
comparing cells from different mice. (c) Repre-
sentative histograms (right) and MFI summary
(left) of phospho-STAT1 in CD44% (white) and CD44"
(black) T reg cells in spleens of mice infected with
LCMV-Armstrong. Data are representative of two
independent experiments. n = 4 mice per group.
Statistical significance was determined using two-
tailed paired Student's t test. (d) Representative
histograms (right) and MFI summary (left) of phospho-
STAT1 in Ifnar1=I=, WT CD44" and WT CD44"

Treg cells, CD8*, and CD4*Foxp3~ T cells stimulated
for 30 min with IFN-B. Data are representative of
3 independent experiments. (e) Representative histo-
grams (right) and MFI summary (left) of IFNaR1,
IFNaR2, and STAT1 in CD44° and CD44" CD4+Foxp3*
T reg cells determined by flow cytometry. n = 3 mice
per group. Data are representative of three inde-
pendent experiments. Statistical significance was
determined using two-tailed paired Student's ¢ test.
(f) miR-155 microRNA and Socs7 mRNA expression
in sorted CD44"° and CD44" CD4*Foxp3+ T reg cells
expressed in arbitrary expression units (AEUs) nor-
malized to U6and Gapdh expression, respectively.
Data are representative of two independent experi-
ments with three mice each. Statistical significance
was determined using two-tailed paired Student's
t test. (g Left) Summary of Ki67 expression by WT
and /fnar1~/= CD4+*Foxp3+CD62L°CD44" (CD44h)
T reg cells from mixed bone marrow chimeric mice
left uninfected (black) or infected with LCMV for 7 d
(gray). (g, Right) Representative histogram showing
Ki-67 expression by WT (black) and /fnar1=/~ (gray)
CD4+Foxp3+CD62L°CD44" T reg cells in mixed bone
marrow chimeric mice 7 dpi with LCMV-Armstrong.
n =4 per group. Data are representative of 6 inde-
pendent experiments. Statistical significance was
determined by two-tailed paired Student's ¢ test.
Two-tailed unpaired Student's t test was used when
comparing cells from different mice. *, P < 0.05;
** P <0.005; ™, P <0.0001. Al data are presented
as the mean values + SEM.

Stimulation through the TCR and CD28 leads to up-
regulation of the inducible costimulatory molecule ICOS, which

can assume many of the functions of CD28 in promoting T cell
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expansion/survival (Simpson et al., 2010). As ICOS expres-
sion was significantly up-regulated on Ifnar!™'~ T reg cells
during infection (Fig. 3 d), we also asked if enhanced ICOS—
ICOSL interactions contributed to the hyperproliferation of
Ifnar1=/~ T reg cells by transferring WT and Ifnar1™'~ T reg
cells into mice, treating them with the a-ICOSL blocking
antibody HK5.3 (Iwai et al., 2003; Choi et al., 2011) and in-
fecting them with LCMV. Blockade of ICOS signaling par-
tially inhibited the enhanced proliferation of Ifnar1™'~ T reg
cells, indicating that up-regulation of ICOS contributes to
CD28-dependent activation of Ifnar1™/~ T reg cells during
infection (Fig. 6 e). Together, these data demonstrate that al-
though LCMV infection results in a co-stimulatory environ-
ment highly favorable for T reg cell expansion, thisis prevented
by the direct action of type I IFNs on T reg cells.

IFN-mediated inhibition of T reg cells is necessary

for optimal antiviral T cell responses

Finally, to determine what effect IFN-mediated inhibition of’
T reg cells has on the generation of antiviral T cell responses,
we modified a previously described T reg cell replacement pro-
tocol in which Foxp3P™ mice were treated daily with diphthe-
ria toxin (DT) to deplete mice of endogenous T reg cells, and
reconstituted with T reg cells from either WT or Ifnar!~’~ do-
nors (Rowe et al., 2011). By 7 d after transfer, both WT and
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sults are representative of 2 independent experiments.
¥ P<0.05;™ P <0.005; " P<0.0001. All data are presented
as the mean values + SEM.

Ifnar1='~ T reg cells were present at similar frequencies in
spleen and peripheral lymph nodes that were comparable to
those in found in unmanipulated mice (Fig. 7 a and not
depicted). Moreover, mice reconstituted with Ifnarl™'~ T reg
cells showed a selective absence of [IFNaR 1 expression onT reg
cells (Fig. 7 b). However, by 7 dpi, T reg cells in the Ifnarl='~-
replaced mice were present at significantly higher frequency
than those in WT-replaced mice (Fig. 7 ¢).To understand how
these changes in T reg cell abundance may impact the antiviral
effector T cell response, we examined the abundance and func-
tion of LCMV-specific effector T cells in these mice. The abso-
lute number of CD8* T cells specific for the immunodominant
DP/GP;; 4, epitope as assessed by tetramer staining was not sig-
nificantly different between WT- and Ifnar! ™'~ -replaced mice
(Fig. 7 e). However, the proportion and number of CD8" T cells
producing IFN-y upon restimulation with GPs; 4, peptide was
significantly reduced in mice reconstituted with Ifnar!™'~ T reg
cells, and similar results were observed in CD4"Foxp3™ T cells
stimulated with the GPg;_g, peptide (Fig. 7 d). Additionally,
mice reconstituted with Ifnar!™'~ T reg cells showed a reduced
ability to kill GPs34; peptide-pulsed splenocytes in an in vivo
cytotoxicity assay (Fig. 7, fand g) and had significantly higher
levels of viral RNA at 7 dpi (Fig. 7 h). Thus, type I IFN-
dependent inhibition of T' reg cells is essential for the generation
of optimal antiviral T cell responses and normal viral clearance.
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Figure 7. Inhibition of T reg cells by type | IFNs is necessary for optimal antiviral immune responses. (a) Representative flow plots showing
gated CD4+ T cells from spleens of Foxp3P™ mice left untreated (left) or treated daily for 7 d with 5 pg/kg DT. DT-treated mice were reconstituted with
either no T reg cells (center left), WT T reg cells (center right), or Ifnar1=/= T reg cells (right) at the start of DT treatment. Numbers represent frequency of
Foxp3* T reg cells among gated CD4* T cells. (b) Representative flow cytometry analysis showing IFNaR 1 expression on gated CD4+ T cells (left) and sum-
mary of IFNaR 1 expression on CD4*Foxp3* T reg cells (right) from peripheral blood of Foxp3®™ mice replaced with WT or /fnar1~/= T reg cells one day
before infection with LCMV. Numbers represent frequency of the indicated quadrants among total CD4+ T cells. n = 5 per group. Data are representative
of three independent experiments. (c) Representative flow plots (left) and summary (right) showing frequency of Foxp3+* T reg cells among gated CD4*

T cells in WT- and /fnar1~/~-replaced Foxp3P™ mice 7 dpi with LCMV-Armstrong. Numbers represent frequency of CD4*Foxp3+ T reg cells among total
CD4+ T cells. (d, Left) Representative flow cytometric analysis of IFN-vy production by gated CD8* T cells (top) and gated CD4*Foxp3~ T cells (bottom) by
intracellular cytokine staining 7 dpi in WT- and /fnar1=/~-replaced Foxp3P™ mice after 5-h stimulation of whole splenocytes with GP,_4; (top) or GPg; g,
(bottom) peptide. Numbers represent frequency of IFN-y* cells among CD8* (top) and CD4*Foxp3~ (bottom) T cells. (d, Right) Absolute number of LCMV
peptide-specific IFN-y*CD8* (top) and IFN-y*CD4+Foxp3~ T cells (bottom). (e) Absolute number of CD8* T cells staining positively for D°/GP,,_,, tetramer
as assessed by flow cytometry. (f) Representative flow cytometric histograms from in vivo cytotoxicity assay showing frequency of CPDye"-labeled
GP4,_4; peptide-pulsed splenocytes relative to CPDyel-labeled unpulsed splenocytes in WT- and /fnar 1=/~ -replaced Foxp3P™ mice left uninfected or

7 dpi, 1 h after transfer of splenocytes. (g) Summary of percent killing of peptide-pulsed splenocytes in WT- and /fnar1~/~-replaced Foxp3P™ mice 7 dpi.
(h) LCMV GP RNA expression measured by qPCR in infected spleens and normalized to a standard curve generated using an LCMV-GP plasmid. c-e:

n =10 per group; data are summarized from 3 independent experiments. For all panels, statistical significance was determined using a two-tailed unpaired
Student's ttest. *, P < 0.05; **, P < 0.005; ***, P < 0.0001. All data are presented as the mean values + SEM.

JEM Vol. 211, No. 5 969



DISCUSSION

Excessive T reg cell activity interferes with efficient patho-
gen clearance and control in a variety of infectious diseases
(Belkaid, 2007). Considering the abundance of T reg cell-
activating factors present during infection, the host must use
counterregulatory mechanisms to circumvent T reg cell activ-
ity and ensure pathogen control. This can be accomplished
indirectly in some instances; for example, activation of APCs
by TLR or CD40 stimulation protects them from T reg cell—
mediated suppression (Serra et al., 2003; Hinig and Lutz,
2008), and pro-inflammatory cytokines such as IL-1@ and IL-6
can render effector T cells resistant to T reg cell-mediated sup-
pression (Pasare and Medzhitov, 2003; O’Sullivan et al., 2006).
Additionally, effector cells can limit T reg cell activity via IL-2
deprivation (Benson et al., 2012). Type I IFNs are known to
regulate several cell types to coordinate effective antiviral im-
mune responses. Here, we define a novel mechanism for the
direct repression of T reg cell proliferation during LCMYV in-
fection by type I IFNs and demonstrate that this is necessary
for production of optimal antiviral T cell responses and effi-
cient viral clearance.

A major challenge T reg cells face during infection is how
to maintain self-tolerance while allowing pathogen-specific
immune responses to occur. Although excessive T reg cell ac-
tivity is associated with chronic infection and failure to clear
pathogens, too little T reg cell activity during infection can
result in autoimmunity and widespread effector T cell activa-
tion that impairs pathogen-specific responses (Lund et al.,
2008; Fulton et al., 2010; Pace et al., 2012). Interestingly, type
I IFNs did not globally inhibit T reg cells during LCMV in-
fection but instead induced a selective decrease in CD44M
T reg cells. Unlike their quiescent CD44!° counterparts, which
reside primarily in secondary lymphoid tissues and effectively
inhibit T cell priming, CD44" T reg cells proliferate robustly,
abundantly express suppressive effector molecules such as
CTLA4,IL-10, and ICOS, and are able to migrate to sites of
infection and inflammation via expression of a broad array
of tissue-homing receptors (Siegmund et al., 2005; Cretney
et al., 2013). Thus, they are poised to inhibit the activity of
primed effector T cells. Consistent with this, when T reg cells
were made resistant to IFN-mediated inhibition, there was no
change in the absolute number of virus-specific CD8* T cells,
suggesting there was no difference in T cell priming or clonal
expansion. Rather, LCMV-specific CD8" T cells were selec-
tively impaired in their effector functions, failing to produce
IFN-vy and kill viral peptide-pulsed APCs as efficiently as in
mice with WT T reg cells. Several studies have demonstrated
that T reg cells can regulate CD8* and CD4* T cell effector
function independent of their ability to inhibit T cell prolif-
eration via anti-inflammatory cytokines such as TGF-f3 and
IL-10 (Sarween et al., 2004; DiPaolo et al., 2005; Mempel
et al., 2006; Sojka and Fowell, 2011). Interestingly, IL-10
and TGF-B production are significantly enhanced in CD44"
T reg cells (Firan et al., 2006; Cretney et al., 2011), and thus
our data are consistent with a model in which specific inhibi-
tion of CD44" effector T reg cells allows pathogen-specific
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effector T cells to carry out their protective functions, whereas
the priming of self-reactive T cells in lymphoid tissues remains
blocked by CD44% T reg cells, thereby helping avoid the de-
velopment of collateral autoimmunity.

That T reg cells and effector T cells both rely on similar
signals—Ilike IL-2 and TCR/coreceptor signaling—for their
activation and proliferation has made it difficult to understand
how these functionally opposed cell types are differentially
regulated. However, during LCMV infection, the ability of type I
IFNSs to enhance the clonal expansion of antigen-specific ef-
fector T cells while inhibiting the activation and proliferation
of T reg cells is one way in which the activities of effector and
T reg cells can be separated. Although LCMYV infection results
in a co-stimulatory environment that is favorable for both ef-
fector T cell and T reg cell proliferation, the parallel expansion
of T reg cells is prevented by the direct action of type I IFNs
on T reg cells. The precise molecular mechanisms by which
IFNs inhibit T reg cell proliferation are not well defined, but
our results suggest that [FNs exert direct pro-apoptotic and
anti-proliferative effects on T reg cells. There is some evidence
for cross talk between IFNaR and TCR/co-receptor pathways,
as several signaling components such as Zap70, CD45, and Lck
have been shown to interact with IFNaR, and this inter-
action was required for the anti-proliferative effects of IFN-a in
Jurkat T cells (Petricoin et al., 1997). Although IFN-f3 had no
effect on CD3/28-dependent phosphorylation of the down-
stream PI3K/Akt substrate S6 in T reg cells (unpublished data),
it is possible that TCR/co-receptor signaling may modulate the
IFNaR signaling pathway in T reg cells. The anti-proliferative
effects of type I IFNs in conventional T cells appear to be
STAT1-dependent (Bromberg et al., 1996; Tanabe et al., 2005).
However, STAT1 expression is reduced in virus-specific CD8*
T cells, and this changes the ratio of different STAT pro-
teins activated by IFNaR signaling, turning this from an anti-
proliferative into a pro-proliferative signal required for the
optimal expansion of virus-specific cells (Gil et al., 2006, 2012).
An inverse mechanism may be at play in T reg cells, where
TCR signaling modulates components of the IFNaR signaling
pathway to sensitize activated T reg cells to the anti-proliferative
effects of type I IFNs. Indeed, we show that CD44" T reg cells
expressed higher levels of IFNaR?2, STAT1, and mir-155, and
lower levels of Socs1, than CD44"° T reg cells, consistent with
their higher responsiveness to IFNs in vitro and in vivo during
LCMV infection.

The immunomodulatory effects of type I IFNs are incred-
ibly complex, and several studies have suggested that IFNs
may actually promote T reg activity in other contexts, partic-
ularly during multiple sclerosis and inflammatory colitis. IFN-[3
is a commonly prescribed treatment for relapsing-remitting
multiple sclerosis, and IFN-f3 treatment markedly enhanced
the function of T reg cells in these patients (de Andrés et al.,
2007; Namdar et al., 2010). However, these studies fail to dis-
tinguish the direct effect of type I IFNs on T reg cells from
their indirect effects on other cell types. In fact, several studies
have now demonstrated that the protective functions of IFNs
during experimental autoimmune encephalomyelitis depend
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on IFNaR expression on DCs but not on T cells, and that
the enhanced proliferation of T reg cells may be secondary to
activation of co-stimulatory molecules like GITRL on DCs
(Prinz et al., 2008; Chen et al., 2012; Dann et al., 2012). How-
ever, contrary to our results, a recent study demonstrated a
direct role for IFN in the maintenance of T reg cells in the
mucosa during inflammatory colitis (Lee et al., 2012). This
discrepancy may be due to differences in the timing and ex-
tent of type I IFN expression in the different models used, as
IFNs can exert opposing effects when expressed acutely or
chronically. For instance, during LCMV infection, transient
IFN production helps promote viral clearance, whereas height-
ened and prolonged IFN expression promotes viral persistence
and immunosuppression (Tejjaro et al., 2013; Wilson et al.,
2013). Indeed, in the colitis studies mice were given pegylated
IFN-a for several weeks, whereas IFNs are only acutely in-
duced for 2—4 d during acute LCMV infection. As excessive
type I IFN production is associated with several organ-specific
and systemic autoimmune disorders, such as systemic lupus
erythematosus, psoriasis, and Sjogren’s syndrome (Baccala et al.,
2005), it is essential to determine how IFNs directly and indi-
rectly modulate T reg cell activity in a variety of normal and
pathological contexts.

Our data elucidate a novel antiviral mechanism of type I
IFNs during acute LCMV infection, and further highlight the
degree to which T reg cell activity is sensitive to external cues
in the immune environment. Further studies will be required
to determine whether prolonged IFN production impacts T reg
cell function, and how this may in turn contribute to immune
dysfunction in chronic infection and type I IFN-associated
autoimmune diseases.

MATERIALS AND METHODS

Mice. C57BL/6] (B6), CD45.1" B6 congenic, B6.129P2-Terbt 1Mom TeydimiMom/
(TCR-Bd/7), and B6.129S2-Cd28™ 1Mk /] (Cd28~/~) mice were purchased
from The Jackson Laboratory. C57BL/6NTac-IL15™""* N5 (Il157/7) mice
were purchased from Taconic. Foxp3©™ and Foxp3P™ mice were provided by
A. Rudensky (Memorial Sloan-Kettering Cancer Center, New York, NY).
Ifnar1~/~ mice were provided by K. Murali-Krishna (Emory University,
Atlanta, GA) and crossed to Cd28~/~ and Foxp3©f’ mice. All mice were
housed and bred at the Benaroya Research Institute (Seattle, WA), and all ex-
periments were performed in accordance within the guidelines of the Institu-
tional Animal Care and Use Committee of the Benaroya Research Institute.

Virus/infections. LCMV Armstrong 53b was grown in baby hamster kidney
cells and titered on Vero cells as previously described (Ahmed et al., 1984).
Initial stocks of LCMV Armstrong, BHK cells, and Vero cells were provided
by J. Netland and M. Bevan (University of Washington, Seattle, WA). Mice
were infected intraperitoneally with 2 X 10° plaque-forming units.

Mixed bone marrow chimeras. Bone marrow cells were depleted of
CD4" and CD8" cells using anti-CD4 and anti-CD8 microbeads (Miltenyi
Biotec) and injected intravenously into lethally irradiated (1,000 Rad)
TCR-B8/~ mice. Chimeras received 4—8 X 10° cells of a 1:1 mixture of
WT (CD45.1%) and Ifnar1~/~ (CD45.2*%) bone marrow.

Cell isolation. Cell suspensions were prepared from spleen and peripheral
lymph nodes by tissue disruption with glass slides and filtered thru a 40-pM
filter. After dissection and removal of Peyer’s patches, intestinal LP lym-
phocytes were isolated as follows. The intestinal epithelium was stripped, as
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previously described (Goodman and Lefrancois, 1989), and the remaining in-
testinal pieces were washed three times in 40 ml of cold RPMI. Intestinal pieces
were added to 50 ml of RPMI plus 100 pl 0.5 M MgCl,, 100 pl 0.5 M CaCl,,
and 150 U/ml collagenase (Roche). Samples were stirred at 37°C for 1 h, and
the released cells were then filtered through nitex. Cells isolated from the LP
were pelleted, resuspended in 44% Percoll (GE Healthcare) in RPMI, layered
over 67% Percoll, and spun at 2,800 rpm for 20 min. Lymphocytes were iso-
lated from the interface and used for subsequent flow cytometry analyses.

Flow cytometry and cell sorting. For surface staining, cells were incu-
bated at 4°C for 30 min in staining buffer (HBSS, 2% FBS) with the following
directly conjugated antibodies for murine proteins (from BioLegend unless
otherwise specified): anti-CD4 (RM4-5), -CD44 (IM7), -CD25 (PC61.5),
-CD45.1 (A20), -CD45.2 (104), -CXCR3 (CXCR3-173), -CD62L (MEL-14),
—PD-1 (29E1A12), -ICOS (15F9), -GITR (YGITR-765), -IFNAR 1
(MAR1-5A3), -CTLA-4 (UC10-4B9, eBioscience), -CD8 (53-6.7, eBio-
science), -IFNAR2 (237526; R&D Systems), IgG1 k isotype (MOPC-21),
and IgG2a isotype (20102; R&D Systems). For intracellular staining, cells
were surface stained as described, washed, and permeabilized for 20 min
with Fix/Perm buffer (eBioscience) at 4°C. Cells were stained for 30 min at
4°C with the following antibodies: anti-IFN-y (XMG1; eBioscience), -Foxp3
(FKJ-16s; eBioscience), —Ki-67 (B56; BD), and -STAT1 N terminus (1/Stat1;
BD) in PermWash staining medium (eBioscience). For intracellular cytokine
staining after restimulation, cell were stimulated with LCMV peptides in
96-well U-bottomed plates (Costar) with 10 pg/ml monensin in 0.2 ml of
complete RPMI (RPMI plus 2.05 mM r-glutamine, 10% [vol/vol] fetal calf
serum, 50 U/liter penicillin, 50 pg/ml streptomycin, 50 pg/ml gentamycin,
1 mM sodium pyruvate, 1 mM Hepes, and 50 pM B-mercaptoethanol) for
5 h at 37°C, 5% CO, before staining. GP3;_4; (KAVYNFATC) and GPy, g,
(GLKGPDIYKGVYQFKSVEFD) peptides were used at 0.1 pg/ml and
10 pg/ml, respectively. For tetramer staining, MHC class I tetramers of H-2DP
complexed with LCMV GP3; 4, (Fred Hutchinson Cancer Research Center
Immune Monitoring Lab) were produced as previously described (Murali-
Krishna et al., 1998). Biotinylated complexes were tetramerized using PE-
conjugated streptavidin (Molecular Probes). Splenocytes were surface stained
as described, washed, and stained for 30 min at 37°C with tetramer in stain-
ing buffer. PE-conjugated I-A®/GP; 5, MHC class II tetramers were a gift
from M. Pepper (University of Washington, Seattle, WA). Cells were stained
with class II tetramer for 1 h at room temperature, with addition of surface
stain markers in the last 20 min, and then washed. Data were acquired on
LSRII flow cytometers (BD) and analyzed using FlowJo software (Tree Star).
For cell sorting experiments, CD4" cells were enriched using CD4 Dyna-
beads (Invitrogen), stained for desired cell surface markers, and isolated using
a FACS Aria (BD).

Phospho-STAT staining. Cells were stimulated for 30 min at 37°C, 5%
CO, in complete RPMI with recombinant murine IFN-B (PBL Biomedical
Laboratories) for pSTAT1 staining or recombinant murine IL-2 (PeproTech)
for pSTATS5 staining. Cells were harvested and fixed for 20 min in Fix/Perm
buffer (BD) at room temperature, washed with Perm/Wash buffer (BD), and
fixed in 90% ice cold methanol for 30 min. Cells were washed with Perm/
‘Wash and stained with antibodies against cell surface and intracellular markers,
including pSTAT5 (Y694; BD) and pSTAT1 (Y701; BD) in Perm/Wiash for
45 min at room temperature. For direct ex vivo pSTAT staining, ~1/5 of each
spleen was ground between glass slides in Fix/Perm buffer, left for 20 min at
room temperature, washed, fixed in 90% methanol, and stained as described.

In vitro suppression and T reg cell proliferation assays. For T reg cell
proliferation assays, CD4*CD25" T reg cells (>90% pure) were isolated from
spleens and LNs of WT or Ifnar!™/~ mice by magnetic separation using CD4
Dynabeads (Invitrogen) and CD25 microbeads (Miltenyi Biotech). T reg
cells were incubated for 9 min at 37°C in 5 uM cell proliferation dye (CPDye)
eFluor 670 (eBioscience) in PBS and washed with 100% FBS. APCs were
isolated from spleens of WT or Ifnar!~/~ mice by depleting splenocytes of
T cells using anti-CD#4 and anti-CD8 microbeads (Miltenyi Biotech). In each
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culture well, CPDye-labeled CD4*CD25" T reg cells were incubated with
irradiated (2,500 Rad) APCs at a 1:1 ratio and stimulated with 0.15 pg/ml
soluble anti-CD3 (2C11) and 500 U/ml recombinant IL-2 (PeproTech) in
the presence or absence of recombinant IFN- (PBL Biomedical Laborato-
ries) for 72 h at 37°C, 5% CO,. For suppression assays, CD4*Foxp3C¢+
T reg cells were sorted (>95% pure) from spleens and LNs of WT and Ifarl =/~
mice on a FACS Aria (BD). CD47CD25~ T, cells (>95% pure) were iso-
lated from spleens and LNs of Ifnarl™/~ mice by magnetic separation using
CD4 Dynabeads (Invitrogen) and CD25 microbeads (Miltenyi Biotech).
CD4*CD25" cells were incubated for 9 min at 37°C in 5 uM CPDye eFluor
670 (eBioscience) in PBS, and washed with 100% FBS. In each culture well,
CPDye-labeled CD4*CD25~ T.,,, cell were incubated with equal numbers
of irradiated (2,500 Rad) Ifnar!~/~ APCs with or without addition of T reg
cells at the indicated ratios, and stimulated with 0.15 pg/ml soluble anti-CD3
(2C11) in the presence or absence of 50 U/ml recombinant IFN-f (PBL
Biomedical Laboratories) for 72 h at 37°C, 5% CO,. Data were acquired on
LSRII flow cytometers (BD). Division index was calculated from CPDye di-
lution profiles using FlowJo software (Tree Star). Percent suppression was
calculated as: [(T.,, division index without T reg cells)— (T, division index
with T reg cells)|/(T.,,, division index without T reg cells).

conv

T reg cell adoptive transfers and antibody treatments. CD4"CD25"
T reg cells (>90% pure) were isolated from spleens and LNs of CD45.17 WT,
CD45.2" Ifnar1~/~, or Ifnar1~’~ Cd28/~ mice by magnetic separation using
CD4 Dynabeads (Invitrogen) and CD25 microbeads (Miltenyi Biotech).
5-10 X 10> CD4*CD25" T reg cells were injected intravenously into each
recipient CD45.1*CD45.2" mouse. For transfer of CD44" T reg cells, Foxp3¢?
mice were pretreated with IL-2 complex before T reg cell isolation: 50 g
anti—IL-2 (JES6; BioXCell) was incubated with 1.5 pg recombinant mu-
rine IL-2 (carrier free; eBioscience) in PBS overnight at 4°C and injected
into donor mice intraperitoneally on days 0, 2, and 4. Mice were sacrificed
on day 6 for sorting of CD4"Foxp3SF*CD44MCD62L T reg cells. 5 X 10°
sorted T reg cells were transferred per mouse. Mice were infected 1 d after
transfer. For IL-2, ICOSL, and B7-1/B7-2 blockade, recipient mice were in-
jected intraperitoneally with a mixture of 100 pg anti—IL-2 (JES6; BioXCell)
and 100 pg anti-IL-2 (S4B61; BioXCell), with 100 pg anti-ICOSL (HK5.3;
BioXCell), with a mixture of 100 pg anti-B7-1 (16-10A1; BioXCell) and
100 pg anti-B7-1 (GL-1; BioXCell), or with 100 pg rat IgG (Sigma-Aldrich)
before T reg cell transfer (day —1) and every 2 d thereafter.

Quantitative PCR. Fractions of spleens (<5 mg) and sorted cells were stabi-
lized in RNALater. RNA extraction was performed using RNeasy columns
(QIAGEN) and ¢cDNA was generated using the Omniscript RT kit (QIA-
GEN) according to the manufacturer’s instructions. Expression of Ifnb and
Socs1 were assessed with Maxima SYBR Green/ROX qPCR Master Mix
(Fermentas) and normalized to expression of Gapdh using the following prim-
ers: Ifub, 5'-CTCCACCACAGCCCTCTC-3" and 5'-CATCTTCTCC-
GTCATCTCCATAG-3'; Socs1, 5'-CTGCGGCTTCTATTGGGG-3" and
5'-AAAAGGCAGTCGAAGGTC-3'; and Gapdh, 5'-CCAGTATGACTC-
CACTCACG-3" and 5'-GACTCCACGACATACTCAGC-3'". Determina-
tion of viral load by qPCR was performed as has been previously described
(McCausland and Crotty, 2008). In brief, 1 ug RNA was used in a 20 ul cDNA
reaction with SuperScript III Reverse transcription (SSIII; Invitrogen), dNTPs
and RT buffer from the Omniscript RT kit, and reverse GP primer at 55°C for
1 h. 5 pl cDNA was used as template for a 25-ul gPCR reaction using Maxima
SYBR Green/ROX qPCR Master Mix and GP primers 5'-CATTCACCTG-
GACTTTGTCAGACTC-3" and 5'-GCAACTGCTGTGTTCCCGAAAC-3'.
Amplification was done for 40 cycles, with each cycle consisting of two steps:
95°C, 15 s; and 60°C, 30 s. Standard curves were generated using linearized
pSG5-GP plasmid. For quantitation of miR-155 levels, total RINA was isolated
from sorted cells using TRIzol (Invitrogen). 1 pg RNA was used for cDNA
synthesis using SSIII reverse transcription kit, followed by real-time PCR using
miR-155-specific TagMan miRNA Assay (Applied Biosystems). Expression
was normalized to U6 snRNA (Applied Biosystems). All qPCR analysis was
performed in a 7900HT Real Time PCR system (Applied Biosystems).
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T reg cell replacement in Foxp3P™ mice. Donor CD4*CD25" T reg
cells (>90% Foxp3*) were isolated from spleens and LNs of WT or Ifnar1™/~
mice as described above. 2-3 X 10° donor T reg cells were transferred intra-
venously into each Foxp3P™ mouse. Foxp3P™ recipients were treated daily
with 5 pg/kg DT (EMD) beginning at the time of transfer. Mice were in-
fected with LCMV 7-8 d after transfer.

In vivo killing assay. Splenocytes from congenically marked (CD45.1%)
mice were incubated for 9 min at 37°C with either 5 uM (CPDye™) or 1 uM
(CPDye) CPDye eFluor 670 (eBioscience) in PBS, and washed with 100%
EBS. CPDye"-labeled splenocytes were pulsed for 1 h at 37°C, 5% CO,, with
1 uM GPsy 4, peptide in PBS; CPDyel*-labeled splenocytes were unpulsed.
Pulsed and unpulsed splenocytes were washed and mixed at a 1:1 ratio, and
107 cells were injected intravenously into each mouse. Mice were sacrificed 1 h
after transfer. Percent killing was calculated as: 100— ([(%peptide-pulsed sple-
nocytes in infected mice/%unpulsed splenocytes in infected mice)/ (%opeptide-
pulsed in uninfected mice/%unpulsed in uninfected mice)] X 100).

Statistics. All data are presented as the mean values = SEM. Statistical sig-
nificance was determined by one-way ANOVA with Tukey’s post-test, two-
tailed unpaired Student’s  test, or two-tailed paired Student’s ¢ test as indicated
in figure legends.
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