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CD4 T cells are central to orchestrate, sustain, and potentially
regenerate antiviral immunity throughout persistent viral infec-
tions. Although the evolving immune environment during persis-
tent infection reshapes established CD4 T-cell responses, the fate
of naïve CD4 T cells primed in the midst of persistent infection is
unclear. We demonstrate that, in marked contrast to the onset of
infection, virus-specific CD4 T cells primed during an established
persistent infection have diminished ability to develop Th1 re-
sponses, to efficiently accumulate in peripheral tissues, and almost
exclusively differentiate into T follicular helper cells. Consistent
with suppressed Th1 and heightened Tfh differentiation, virus-
specific CD4 T cells primed during the established persistent infec-
tion provide help to B cells, but only limited help to CD8 T cells. The
suppression of de novo Th1 generation and tissue distribution was
mediated by chronic type I IFN (IFN-I) production and was effec-
tively restored by blocking IFN-I signaling during CD4 T-cell priming.
Thus, we establish a suppressive function of chronic IFN-I signaling
and mechanism of immunoregulation during an established persis-
tent virus infection.

immunosuppression | LCMV

The majority of viruses stimulate robust and effective T-cell
responses that efficiently eliminate the infection; however,

certain viruses are able to subvert host T-cell control of viral
replication and generate a persistent infection. Sustained CD4 T
helper (Th) cell responses are a strong correlate of control and
clearance of multiple persistent virus infections, including HIV
and hepatitis C virus infection in humans and lymphocytic cho-
riomeningitis virus (LCMV) infection in mice (1). CD4 Th cells
are central orchestrators of the immune response and differen-
tially activate diverse branches of innate and adaptive immunity
to guide the appropriate response to an invading pathogen. In
response to viral infections, CD4 T cells predominately develop
into Th1 or T follicular helper (Tfh) cells (2, 3). CD4 Th1 im-
munity is critical to sustain residual CD8 T-cell activity to control
infection during persistent infection and is characterized in CD4
T cells by the secretion of IFN-γ, TNF-α, and IL-2 (1, 4). Tfh
cells localize to the follicle via C-X-C chemokine receptor type 5
(CXCR5) expression to direct B-cell differentiation and anti-
body production through cell surface interactions and secreted
cytokines such as IL-21 (2). Ultimately, control of infection is
critically dependent upon the correct Th-mediated orchestration
of these diverse responses.
At the onset of what will become a persistent LCMV infection,

CD4 T cells initially generate a Th1 response, but these Th1 cells
progressively develop into Tfh as infection progresses (3), in-
dicating that CD4 T-cell differentiation is continually modulated
by infection. The Th1-to-Tfh transformation as persistent in-
fection progresses also suggests that CD4 T cells primed in an
established persistent infection may develop differently than
those activated at the onset of infection, thus affecting the ability
to replenish the diminishing antiviral Th1 response. Although

CD4 T cells can be primed during persistent infection (5, 6), it is
still unclear how the ongoing infection alters de novo CD4 T-cell
differentiation and function. Importantly, a naïve T cell acti-
vated in an established persistent infection will encounter a
substantially different immunologic environment than one primed
at the onset of infection, most notably characterized by the disrup-
tion of lymphatic organ architecture, the immediate exposure to
high levels of antigen and inflammatory and suppressive factors, as
well as changes in the type and functional quality of antigen-pre-
senting cells (APCs) (1, 7). Biologically, de novo T-cell acti-
vation will be required for diverse needs of the immune response
during viral persistence, such as to balance attrition in response to
lifelong persistently replicating infections and to control escape
mutations that arise as infection progresses (6, 8, 9). Therapeuti-
cally, activation of naïve T cells will be required to stimulate de
novo immunity through therapeutic vaccination and production of
virus-specific T cells by means of hematopoietic stem cell engi-
neering (10).
Given the broad immunologic implications that alterations in

CD4 T-cell differentiation could have on the antiviral immune
response, we sought to understand the molecular, cellular, and
effector development of CD4 T-cell responses primed in the
midst of persistent infection. Herein, we demonstrate that type I
IFN (IFN-I) signaling in the persistently infected immune envi-
ronment suppresses the generation of de novo Th1 but not Tfh
responses, and blockade of IFN-I signaling effectively restores de
novo Th1 differentiation. Ultimately, the failure to form Th1
coupled with exclusive Tfh formation has important implications
toward the long-term breadth of the CD4 Th response and the
resultant control of persistent viral infections.

Significance

Potent antiviral CD4 Th1 responses generated at the onset of
persistent infection are lost as infection progresses. However,
it is unknown how CD4 T cell responses are mounted in the
midst of an established persistent infection to restore the
diminishing Th1 response. We report that an established per-
sistent virus infection suppresses the induction and distribution
of new virus-specific CD4 Th1 cells. The failure to generate new
Th1 responses is mediated by chronic type I interferon (IFN-I)
signaling, and its blockade effectively restored de novo Th1
development. Our study identifies a mechanism of immuno-
suppression and a method to restore Th1 generation during
persistent infection.

Author contributions: I.O., L.M.S., E.B.W., and D.B. designed research; I.O., L.M.S., C.R.C.,
D.H.Y., and H.J.E. performed research; J.C.d.l.T. contributed new reagents/analytic tools;
I.O., L.M.S., and D.B. analyzed data; and I.O. and D.B. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1To whom correspondence should be addressed. E-mail: dbrooks@microbio.ucla.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1401662111/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1401662111 PNAS | May 20, 2014 | vol. 111 | no. 20 | 7409–7414

IM
M
U
N
O
LO

G
Y

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1401662111&domain=pdf&date_stamp=2014-05-13
mailto:dbrooks@microbio.ucla.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401662111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401662111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1401662111


Results
Virus-Specific CD4 T Cells Primed in an Established Persistent Infection
Experience an Initial Defect in Effector Differentiation. To in-
vestigate the dynamics of virus-specific CD4 T-cell priming in the
midst of viral persistence, we used the LCMV system. Infection
with LCMV-Armstrong (Arm) induces robust CD4 and CD8
T-cell responses that clear the virus within 8–10 d after infection.
Conversely, the LCMV-clone 13 (Cl13) variant replicates to sub-
stantially higher titers and rapidly elicits the expression of multiple
host immunoregulatory factors that suppress the immune response
to generate a persistent infection (11, 12). To determine how the
environment during an established persistent infection affects de
novo virus-specific CD4 T-cell priming and differentiation, we
transferred naïve LCMV-specific T-cell receptor (TCR)-transgenic
CD4 (SMARTA) T cells into mice that had been infected 21 d
earlier with LCMV-Cl13. In parallel, naïve SMARTA T cells
were transferred into naïve mice that were then infected with
LCMV-Cl13, thus allowing a direct comparison of CD4 T-cell
priming at the onset and during an established persistent infection.
Importantly, SMARTA transgenic cells behave similarly to their
endogenous (i.e., host-derived LCMV-GP66 tetramer+) CD4 T-cell
counterparts (13, 14). Herein, T cells primed at the onset of in-
fection are termed “early primed,” whereas T cells transferred into
an established persistent infection are referred to as “late primed.”
Sixty hours after transfer, early- and late-primed virus-specific

CD4 T cells up-regulate the activation marker CD44, proliferate,
and expand to similar levels (Fig. 1A), indicating priming and
activation of naïve virus-specific CD4 T cells in the midst of
a persistent infection. Depletion of dendritic cells (DCs) in
CD11c-DTR mice (15) before SMARTA transfer greatly re-
duced late-primed CD4 T-cell proliferation and expansion, in-
dicating that DCs are necessary for priming during persistent
infection (Fig. S1). Following activation, early-primed CD4 T
cells down-regulate the lymph node retention molecule CD62L
and up-regulate the IL-2 receptor α- (IL-2Rα, CD25) and β-chains
(IL-2Rβ, CD122), Granzyme B, and the Th1 and Tfh fate de-
termining transcriptional regulators T-box 21 (Tbet) and B-cell
lymphoma 6 (Bcl6), whereas this was not observed in late-primed
cells (Fig. 1B). Late-primed virus-specific CD4 T cells did not
develop into either of the Th1 [signaling lymphocytic activation
molecule (SLAM)hi, IL-2Rβhi, CXCR5−] or Tfh (SLAMlo, IL-2Rβlo,
CXCR5+) precursor populations evident in early-primed CD4 T
cells (Fig. 1C), nor do they produce the critical antiviral/immu-
nostimulatory cytokines IFN-γ, TNF-α, or IL-21 in response to
antigen stimulation (Fig. 1D). IL-2 is produced at low, but sim-
ilar levels by both groups [9.3 ± 1.0% of SMARTA (early
priming) vs. 13.4 ± 2.3% of SMARTA (late priming); P = 0.16].
These differences in differentiation were also observed 24 h
after priming, indicating the failure to undergo this initial dif-
ferentiation program as opposed to accelerated kinetics of dif-
ferentiation. Early- and late-primed CD4 T cells expressed the
same levels of the transcription factor FoxP3 and Grail, in-
dicating that they are not instead forming Tregs or becoming
anergic. Thus, despite activation and proliferation, virus-specific
CD4 T cells primed during an established persistent infection
initially undergo an attenuated Th differentiation program.

Virus-Specific CD4 T Cells Primed in the Midst of an Established
Persistent Infection Fail to Generate Th1 Cells. To determine whether
priming in the midst of persistent infection continues to inhibit Th
differentiation, we sorted and performed microarray analysis on
early- and late-primed virus-specific CD4 T cells at 8 d after
priming, a time point coinciding with the peak of the early-primed
effector response (13). At the population level, Tfh-associated
genes were increased in late priming, whereas the majority of Th1-
associated genes were highly expressed in early-primed cells (Fig.
S2A). Consistent with the RNA analysis, the late-primed virus-
specific CD4 T-cell response within the mesenteric, inguinal, and
brachial/axillary lymph nodes and spleen was predominately Tfh
(Fig. 2A and Fig. S2 B and C). Furthermore, with exception of the
inguinal lymph node, the absolute number of Tfh cells formed in

each organ was not increased compared with early priming (Fig. 2A
and Fig. S2 B and C). However, the number of Th1 cells was
markedly reduced compared with early priming. Thus, our data
indicate that an established persistent infection does not skew to-
ward de novo Tfh formation per se, but instead that de novo Th1
development is not supported when priming is initiated in the midst
of an ongoing persistent infection.
Transfer of physiologic numbers of virus-specific CD4 T cells in

the midst of persistent infection did not accelerate viral control
(Fig. S2D), indicating that the lack of Th1 generation is not a result
of accelerated viral clearance. Importantly, efficient activation and
proliferation of naïve CD4 SMARTA T cells occurred when mice
received a second transfer 8 d after the first late-priming transfer,
demonstrating that the lack of Th1 formation is not due to viral
escape (Fig. S2E). Interestingly, the failure to generate Th1 cells
was not observed when virus-specific CD4 T cells were transferred
into an established acute LCMV-Arm infection (day 4 after in-
fection; Fig. S2F), indicating that the inability to efficiently generate
Th1 cells is not simply due to viral infection, but rather is a property
of the environment during an established persistent infection.
Functionally, late-primed CD4 T cells produced decreased

IFN-γ and increased IL-21 compared with early-primed CD4 T
cells (Fig. S3A) and expressed the master Tfh transcriptional
regulator Bcl6 (Fig. S3B), consistent with the formation of a Tfh
response and decreased Th1 differentiation (14). Unlike cells
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Fig. 1. Late-primed CD4 T cells are activated and proliferate, but undergo
a delay in differentiation. (A) CFSE-labeled virus-specific CD4 SMARTA T cells
were transferred into recipient mice and spleens isolated 60 h after transfer.
Early priming (E) (white histogram); late priming (L) (red histogram); CFSE-
labeled SMARTA cells injected into naïve recipients that were not infected
with LCMV (gray histogram). (B) Expression of the indicated protein and
Blimp1 mRNA on early-primed (E) (white) and late-primed (L) (red) virus-
specific CD4 SMARTA T cells 60 h after priming. Endogenous CD4 T cells are
shown (gray). Numbers on plots quantify percentage of cells within gate
(where applicable) or geometric fluorescence intensity of the population. (C)
Expression of Th1 (SLAMhi, CXCR5lo) and Tfh (SLAMlo, CXCR5hi) phenotypic
proteins at 60 h after priming. (D) Percentages indicate IFN-γ+, IL-21+, or
IFN-γ+/IL-21+ double-positive SMARTA cells following ex vivo peptide stim-
ulation. *P < 0.05. Data are representative of five independent experiments
with three to five mice per group.
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primed at the onset of acute LCMV-Arm infection, late-primed
Tfh differentiation did not require LCMV-specific B cells (2), or
IL-6, as has been reported in other situations (16) (Fig. S3 C and
D). Although it is possible that late-primed cells receive auto-
crine IL-6 signals because the transferred cells were not IL-6
deficient, we did not detect increased IL-6 mRNA by microarray
analysis or IL-6 protein secretion after peptide stimulation.
These data further support that virus-specific CD4 T cells form
predominately a Tfh instead of Th1 response following priming
during established persistent infection through mechanisms dis-
tinct from the Th1-to-Tfh transition that occurs by early-primed
virus-specific CD4 T cells (3).
Because alterations in Th differentiation affect CD4 T-cell

homing and distribution (17, 18), we next assessed whether the
diminished Th1 formation in late-primed virus-specific CD4 T
cells led to changes in their tissue distribution. By day 8 after
transfer, late-primed CD4 T cells had down-regulated the lymph
tissue homing/retention molecule CD62L. However, corresponding
to the lack of Th1 generation, the number of late-primed virus-
specific CD4 T cells in the liver were greatly reduced, and al-
though they were present in the mesenteric lymph nodes, they
were almost entirely absent from the gastrointestinal (GI) tract
despite high virus titers in all organs (Fig. 2 A and B and Fig. S4).
Thus, consistent with the lack of Th1 differentiation, virus-spe-
cific CD4 T cells primed in an established persistent infection
were absent from multiple tissues and almost entirely fail to
accumulate in the GI tract.

Late-Primed CD4 T Cells Help B-Cell Responses. Tfh cells provide
signals to B cells to mediate antibody secretion and direct cel-
lular differentiation (2). To test whether late-primed CD4 T cells
can help virus-specific B cells in vivo, we developed a system to
introduce a traceable LCMV-specific B-cell response into per-
sistent infection. B cells from TgKL25 mice transgenically ex-
press the heavy chain of the KL25 antibody, and endogenous

light chain rearrangement generates ∼7–10% of naïve B cells
expressing the KL25 antibody (19). The KL25 antibody effi-
ciently binds LCMV-WE (20), but not LCMV-Cl13 (Fig. S5). To
use the TgKL25 transgenic mice with LCMV-Cl13, we used re-
verse genetics to produce two recombinant Cl13 viruses con-
taining mutations within its GP1 coding region facilitating
recognition by the KL25 antibody (20). One viral variant termed
LCMV-M1 is neutralized by KL25 and another termed LCMV-M2
is bound but not neutralized by KL25 (Fig. S5). None of the
mutations are in the LCMV-GP61–80 CD4 T-cell epitope and
they do not affect SMARTA cell recognition. Both LCMV-M1
and M2 replicate in vivo and suppress Th1 formation in the late-
priming situation analogous to WT LCMV-Cl13.
To determine the CD4 Th capacity of late-primed cells in vivo,

we transferred transgenic LCMV-specific B cells (from TgKL25
mice) and/or transgenic LCMV-specific CD8 T cells (P14 cells)
into mice persistently infected with LCMV-M2 and then with or
without LCMV-specific CD4 SMARTA T cells. In these experi-
ments, mice were CD4 depleted before infection to generate
a lifelong viremic infection lacking endogenous LCMV-specific
CD4 T cells and ensuring that all help is derived from the trans-
ferred virus-specific CD4 T cells. In the CD4-depleted model, late-
primed CD4 T cells failed to form Th1 cells or distribute to
nonlymphoid organs (Fig. S6). Late-primed CD4 T cells did ex-
pand to greater levels in lymphoid organs (likely due to a larger
available niche), although they did not lead to enhanced viral
control (Fig. S6). Importantly, transferred TgKL25+ B cells only
expanded, differentiated into plasma cells, and produced antibody
when cotransferred with SMARTA cells (Fig. 3A), consistent with
the lack of preexisting virus-specific CD4 T cells in CD4-depleted
mice, and indicating that late-primed CD4 T cells are capable of
providing help to B cells in vivo. Similar results were observed
using LCMV-M1. In the presence of late-primed virus-specific
CD4 T cells, TgKL25+ B cells and antibody production were
maintained at least up to 40 d after transfer (Fig. 3 A and B).
However, B cells from TgKL25 mice that were not specific for
the viral glycoprotein were not enhanced long-term (Fig. S6C),
indicating that the sustained helper effect of late-primed CD4 T
cells on B cells is exerted via virus-specific interactions.
Although late-primed CD4 T cells provided help for B cells,

they did not increase the level of endogenous preexisting LCMV-
GP33-41 tetramer+ CD8 T cells by 8 d after transfer (in either
undepleted or mice CD4 depleted before infection) and only
induced a modest but unstained increase in cotransferred late-
primed virus-specific CD8 P14 T cells (Fig. 3C). Furthermore,
transfer of virus-specific CD4 T cells did not enhance the cyto-
kine expression of endogenous or cotransferred virus-specific
CD8 T cells (Fig. S6D). Taken together, these data indicate that,
upon transfer of physiologic numbers, late-primed CD4 T cells
are capable of providing B-cell help but exert only minimal,
short-term effects on the established or de novo CD8+ T-cell
response, consistent with their Tfh differentiation.

Type I IFN Signaling Inhibits de Novo Virus-Specific Th1 Formation
During an Established Persistent Infection. IFN-I signaling remains
active throughout persistent infection and chronic IFN-I signaling
can suppress antiviral CD4 T-cell responses (21, 22). To evaluate
the role of IFN-I in modulating Th1 differentiation during persis-
tent infection, we treated animals with an antibody that blocks
IFN-I receptor (IFNR) signaling in vivo (21, 22). Sixty hours after
transfer, late-primed CD4 T cells in anti-IFNR–treated mice now
down-regulated CD62L and up-regulated IL-2Rα similar to levels
observed in early priming. By day 8 after transfer, anti-IFNR
blockade restored Th1 differentiation and the absolute number of
late-primed virus-specific CD4 T cells to the same level observed in
early priming (Fig. 4A). However, anti-IFNR blockade did not
impair Tfh differentiation in late-primed virus-specific CD4 T cells
(Fig. 4A), supporting that IFN-I signaling inhibits Th1 differentia-
tion as opposed to skewing otherwise Th1 cells into Tfh.
Consistent with the restoration of Th1 immunity in the lym-

phoid organs, anti-IFNR blockade restored the frequency and
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Fig. 2. Late-primed CD4 T cells generate Tfh but have greatly diminished
Th1 responses. (A) Th1 (SLAMhi, CXCR5lo) and Tfh (SLAMlo, CXCR5hi) de-
velopment in the mesenteric lymph node and spleen 8 d after priming. The
graphs demonstrate total number of virus-specific Th1 and Tfh SMARTA
cells. (B) Total number of SMARTA cells within the liver, and the small and
large intestine 8 d after early or late priming. *P < 0.05. Data are repre-
sentative of six independent experiments with three to five mice per group.
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number of late-primed virus-specific CD4 T cells and Th1 de-
velopment within the liver and small intestine to the same levels
observed in early priming (Fig. 4B and Fig. S7). Anti-IFNR
blockade also enhanced the capacity of late-primed cells to
produce IFN-γ and TNF-α, and did so to levels well above the
exhausted virus-specific CD4 T-cell responses observed at the
onset of infection (Fig. 4C). Unlike during the established per-
sistent infection, anti-IFNR blockade during priming at the onset
of LCMV-Cl13 infection (i.e., early priming) did not increase the
magnitude of the virus-specific CD4 Th1 response (Fig. S8),
indicating that IFN-I signaling plays temporally disparate roles in
modulating virus-specific CD4 T-cell differentiation as persistent
infection progresses, and that it can be blocked to systemically
restore de novo Th1 differentiation and cytokine expression.
To determine whether IFN-I acts directly on late-primed CD4

T cells to inhibit Th1 formation, we transferred IFNRα-deficient
virus-specific CD4 T cells into persistently infected animals. In
this experiment, all components of the persistently infected im-
mune environment except for the transferred virus-specific T
cells are able to respond to IFN-I signaling. IFNR deficiency on
virus-specific CD4 T cells did not increase Th1 differentiation
(Fig. 5A), indicating that IFN-I does not act directly on virus-
specific CD4 T cells to repress the Th1 response. Interestingly,
unlike at the onset of infection wherein direct IFN-I signaling is
critical for the survival of virus-specific CD4 T cells (Fig. S9A
compared with Fig. 5A), late-primed virus-specific CD4 T cells
were present at equal amounts regardless of IFNR expression,
thus again highlighting the disparate role of direct IFN-I signaling
on CD4 T cells at the onset and in the midst of persistent infection.
To determine whether IFN-I is acting during virus-specific

CD4 T-cell priming and programming to repress Th1 formation
or whether ongoing IFN-I signaling after priming continues to
suppress Th1 differentiation, we blocked IFNR signaling 60 h
after cell transfer (once priming has already occurred; Fig. 1).
Anti-IFNR treatment rapidly curtails IFN-I signaling and within
1 d IFN-I gene expression was inhibited (Fig. S9B). Whereas
blocking IFN-I signaling before priming fully facilitated Th1
differentiation, anti-IFNR blockade 60 h after transfer did not
significantly increase Th1 differentiation in lymphoid or peripheral
organs (Fig. 5B). Thus, our data demonstrate that IFN-I signaling

represses de novo virus-specific CD4 Th1 generation during the
priming interactions in an established persistent infection.

Discussion
It is becoming clear that, in addition to its critical antiviral func-
tions, ongoing IFN-I signaling can be detrimental to the immune
response, potentiating many of the immune dysfunctions associ-
ated with persistent virus infections (21–23). In this report, we now
identify a suppressive mechanism associated with chronic IFN-I
signaling specifically during an established persistent virus in-
fection. Unlike at the onset of what will become a persistent
LCMV infection where IFN-I signaling does not affect Th1 dif-
ferentiation, in the established persistent infection, IFN-I signaling
specifically prevents de novo Th1 generation. The suppression of
Th1 development is not mediated by direct IFN-I signaling by the
CD4 T cells themselves and similar numbers of IFNR−/− and WT
virus-specific CD4 T cells are generated. However, at the onset of
infection, IFNR signaling directly by CD4 T cells is critical for
their survival and IFNR−/− virus-specific CD4 T cells are almost
entirely deleted by 8 d of infection. Thus, our data establish a bi-
furcation in the role of IFN-I signaling on the immune environment
and CD4 T cells themselves as persistent infection progresses.

2

3

4

5

B only
B+CD4

*

B only
B+CD4

*
day 8 day 40

P14
P14 + SMARTA

P14
P14 + SMARTA

No SMARTA

+ SMARTA

*
day 8 day 8day 40 day 40

endogenous tetramer+ transferred P14

No SMARTA

+ SMARTA

2

3

4

5

3

4

5

6

3

4

5

6

3

4

5

3

4

5

A

C

0 10 20 30 40 500
day post transfer

Ig
G

 (n
g/

m
L)

*

*
*

100
200
300
400
500

Bvirus-specific IgG

LC
M

V
-s

pe
ci

fic
B

 c
el

ls
 (x

10
y )

ce
lls

 (x
10

y )

ce
lls

 (x
10

y )

Fig. 3. Virus-specific CD4 T cells primed during established persistent in-
fection help B-cell responses. (A) Plasma LCMV-specific IgG levels on the
indicated day following transfer of SMARTA cells alone (gray), TgKL25 B cells
alone (white), or SMARTA cells and TgKL25 B cells (black). Cells were
transferred into mice infected for 30 d with LCMV M2. Mice were CD4 de-
pleted before infection. (B) The graphs demonstrate the expansion of
adoptively transferred transgenic KL25+ B cells (with or without SMARTA cell
transfer) 8 and 40 d after transfer. (C) The graphs indicate the number of
endogenous (preexisting) LCMV-GP33–41 tetramer+ CD8 T cells and trans-
ferred virus-specific CD8 P14 T cells 8 and 40 d after transfer with or without
SMARTA cell cotransfer. *P < 0.05. Data are representative of two in-
dependent experiments with four to five mice per group.

Early (iso) Late (iso) Late (αIFNR)
Spleen

Lymph  NodeA

CXCR5

S
LA

M

Early (iso) Late (iso) Late (αIFNR)
 Th1 Tfh

Th1 Tfh

CXCR5

S
LA

M

0 102 103 104 105

0

102

103

104

105

0 102 103 104 105

0

102

103

104

105

0 102 103 104 105

0

102

103

104

10524%

71%

9%

82%

38%

58%

0 102 103 104 105

0

102

103

104

105

0 102 103 104 105

0

102

103

104

105

0 102 103 104 105

0

102

103

104

10581%

12%

7%

89%

68%

28%
2
3
4
5

1
2
3
4
5

1

3

4

5

6

3

4

5

6

Earl
y
La

te

L (
αIF

NR)

C

0 102 103 104 105

0

102

103

104

105 34 

8 

0 102 103 104 105

0

102

103

104

105 19 

4 

0 102 103 104 105

0

102

103

104

105 31 

27

TNFα

Late (αIFNR)Early (iso) Late (iso)

IF
N
γ

N
o.

 S
M

A
R

TA
 (x

10
y )

N
o.

 S
M

A
R

TA
 (x

10
y )

Earl
y
La

te

L (
αIF

NR)

Earl
y
La

te

L (
αIF

NR)
Earl

y
La

te

L (
αIF

NR)

SMARTA Th1
B

3
4
5
6

2
3
4
5
6

2

* * * *

Sm
Int

Lrg
Int

SMARTA
GI Tract

2

3

4

1

*

Liver

N
o.

 S
M

A
R

TA
 (x

10
y )

N
o.

 S
M

A
R

TA
 (x

10
y )

Earl
y
La

te

L (
αIF

NR)
Earl

y
La

te

L (
αIF

NR)
La

te

L (
αIF

NR)
La

te

L (
αIF

NR)

*

* *

Fig. 4. IFNR blockade restores Th1 differentiation during late priming. (A–
C) Early- and late-primed conditions were treated with isotype antibody or
with anti-IFNR blocking antibody. Antibody treatment was initiated 2 d be-
fore SMARTA cell transfer and then every 2 d through day 6 after transfer.
(A) The flow plots illustrate the frequency and number of Th1 and Tfh
SMARTA cells in the mesenteric lymph node and spleen 8 d after priming in
the presence of the indicated antibody treatment. The graphs quantify total
number of SMARTA cells and number of Th1 and Tfh SMARTA cells within
the organs. (B) The graphs quantify total SMARTA cell number and number
of Th1 SMARTA cells within the liver and the total SMARTA cell number
within the GI tract after indicated antibody treatment. (C) IFN-γ and TNF-α
production following ex vivo peptide stimulation by brachial/axillary lymph
node-derived early- and late-primed SMARTA cells 8 d after transfer. *P <
0.05. Data are representative of four independent experiments with three to
four mice per group.
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IFN-I signaling at the time of priming in the established per-
sistent infection rapidly suppresses Th1 differentiation and Th1
markers are never observed (i.e., 60 h after transfer). However,
the initial expansion and survival (i.e., total number) of de novo
primed virus-specific CD4 T cells observed 60 h after transfer is
the same at the onset and in the established persistent infection,
demonstrating that the cells that would become Th1 are initially
activated and present in early and late priming. However, by day
8, cells that would have become Th1 fail to continue to differ-
entiate and are absent, whereas Tfh differentiation is not dra-
matically affected. Thus, IFN-I signaling during an established
persistent virus infection does not block activation of cells that
would become Th1 or skew cells that would become Th1 into Tfh
cells, but instead inhibits the differentiation of activated T cells
into Th1 effectors. Moreover, the ability to restore Th1 differ-
entiation by blocking IFN-I is lost when anti-IFNR blockade is
initiated 60 h after virus-specific CD4 T-cell transfer, confirming
that IFN-I signals suppress the differentiation of Th1 cells in the
initial priming interactions, without affecting their initial ex-
pansion. An alteration in CD8 T-cell activation and differenti-
ation has also been observed when they are initiated a few days
into the established acute LCMV (24, 25) or during persistent
polyoma virus infection (26). Interestingly, exposure to IFN-I
under similar circumstances induces the differentiation of by-
stander CD8 T cells into a memory-like state displaying some
effector properties (27, 28). As in our system, this effect on
differentiation was not due to direct IFN signaling to the T cell,
but rather was mediated indirectly, potentially through inter-
actions with the priming DC or other APC, indicating that the
prepresence of IFN-I modulates the immune environment to
control subsequent differentiation of multiple aspects of adap-
tive immunity. Ultimately, modulating secondary mechanisms
downstream of IFN-I signaling may enable restoration of Th1
potential without entirely abolishing the IFN-I system.
CD4 T-cell responses established at the onset of persistent

viral infection rapidly develop both Th1 and Tfh immunity.
However, as infection progresses, the virus-specific CD4 Th1
cells are redirected toward Tfh (3). In addition to this, our data
indicate that the suppression of de novo Th1 differentiation
coupled with ongoing de novo Tfh generation may also explain
the enlarged Tfh effector pool observed during many established
persistent infections (3, 29–31). The sustained ability to continue

to produce Tfh responses likely has benefits for the host, as Tfh
are necessary to control a persistent infection (3) and the new
Tfh are able to sustain B-cell responses. However, an expanding
Tfh accumulation may ultimately lead to dysregulation of B-cell
development, hypergammaglobulinemia, and the formation of
autoantibodies associated with persistent virus infections (32,
33). Ultimately, because a balanced CD4 Th response is likely
optimal to sustain the multiple and diverse immunologic needs
during persistent virus infection, a progressive differentiation of
Th1 into Tfh coupled with diminished ability to generate new
Th1 cells could lead to focusing of the immune response and
decreased ability to appropriately fight infection.
Th1 cells are associated with enhanced control of multiple per-

sistent viral infections (34–39). Recently, Aubert et al. (5) demon-
strated that transfer of high numbers (4 × 106) of naïve virus-specific
CD4 T cells into persistent LCMV infection could enhance the
preexisting (exhausted) virus-specific CD8 T-cell and B-cell
responses. However, in our experiments, we only observed a mod-
erate initial increase in previously established (exhausted) CD8
T-cell responses that was not sustained and no decrease in virus
titers. Differences in the amount of transferred virus-specific
CD4 T cells (5,000 vs. 4 million) likely account for this discrepancy
and suggests that endogenously generated de novo CD4 T-cell
immunity may not produce a sufficiently strong Th1 response to
help dysfunctional or de novo-primed virus-specific CD8 T cells
during viral persistence.
Consistent with the diminished ability to generate de novo Th1

immunity during an established persistent LCMV infection
distribution of newly primed CD4 T cells in nonlymphoid sites of
virus replication is greatly limited, particularly in the GI tract.
The reduced ability of de novo-primed virus-specific CD4 T cells
to reach peripheral tissues, could lead to the failure to reconstitute
these sites as an infection progresses, thus compounding immu-
nodeficiency and creating viral sanctuaries during persistent
infections. As a result, persistently infected individuals may be-
come more susceptible to virus-escape variants, secondary infec-
tions, and reinfection in those organs. Ultimately, if new CD4
T-cell responses recruited to balance CD4 T-cell attrition or
combat viral escape mutants could not generate a new Th1
component and distribute to tissue reservoirs of infection, it
would leave a hole in the CD4 T-cell response and further de-
bilitate control of viral replication. Because CD4 T cells have
the potential to direct and sustain multiple types of immune
responses in multiple tissues, future therapeutic strategies should
consider the alterations in de novo CD4 T-cell differentiation
and how to appropriately overcome them.

Materials and Methods
Mice and Virus. C57BL/6 (WT) mice were purchased from The Jackson Labo-
ratory or the rodent breeding colony at University of California, Los Angeles.
B-cell–deficient μMT, hen egg lysozyme transgenic (Hel-tg), and CD11c-DTR
mice were purchased from The Jackson Laboratory. Transgenic KL25
mice were provided by Daniel Pinschewer (University of Geneva, Geneva,
Switzerland). LCMV-GP61–80–specific CD4 TCR transgenic (SMARTA) and
LCMV-GP33–specific CD8 TCR transgenic (P14) mice have been described
previously (40, 41). SMARTA mice deficient for the type I IFN receptor were
generated by crossbreeding SMARTA mice with IFNR−/− mice (provided by
Dorian McGavern, National Institutes of Health, Bethesda). All mice were
housed under specific pathogen-free conditions. Mouse handling conformed
to the experimental protocols approved by the University of California, Los
Angeles, Animal Research Committee. In all experiments, the mice were
infected i.v. via the retroorbital sinus with 2 × 106 PFU of LCMV-Armstrong,
LCMV-clone 13, LCMV-M1, or LCMV-M2. Virus stocks were prepared and
viral titers were quantified as described previously (41).

To generate an LCMV-Cl13 variant that could be recognized by the KL25
antibody, we used reverse-genetics approaches to rescue a recombinant Cl13
virus containing mutations within the GP1 coding region at I118L and S119N
for LCMV-M1 and I118L, S119N, and N121K for LCMV-M2.

Isolation and Adoptive Transfer of Virus-Specific T and B Cells. LCMV-specific
SMARTA cells, P14 cells, or TgKL25 B cells were isolated from the spleens of
respective transgenic mice by negative selection (StemCell Technologies). All
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Fig. 5. Indirect IFN-I signals suppress CD4 Th1 differentiation at the time of
late priming. (A) The flow plots and graphs demonstrate Th1 and Tfh dif-
ferentiation by late-primed WT and IFNR−/− SMARTA cells 8 d after late
priming. WT, wild-type SMARTA cells; IFNR KO, IFNR−/− SMARTA cells. Cells
were transferred into animals infected 21 d prior with LCMV Cl13. (B)
Starting 1 d before SMARTA transfer, animals were treated with either isotype
antibody, anti-IFNR blocking antibody or isotype antibody followed by anti-
IFNR blocking antibody at 60 h after transfer. Cells were transferred into
animals infected 21 d prior with LCMV Cl13. The graphs illustrate number of
Th1 and Tfh SMARTA cells in the mesenteric lymph nodes, spleen, and liver 8 d
after late priming. *P < 0.05. ns, not significant. Data are representative of two
independent experiments with three to four mice per group.
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cell transfers were performed i.v. in the retroorbital sinus. To assess priming
and differentiation of virus-specific CD4 T cells in the midst of persistent
infection, we transferred 5,000 SMARTA cells into either naïve mice that were
infected with LCMV-Cl13 1 h later (early priming) or into mice that had been
infected with LCMV-Cl13 21 d earlier. For experiments in which the mice
were killed at 60 h after transfer, 250,000 SMARTA cells were transferred to
enable detection at this early time point. For late priming during acute in-
fection, 5,000 SMARTA cells were transferred into mice infected for 4 d
with LCMV-Armstrong.

To assess viral escape from late-primed responses, 5,000 SMARTA cells
were transferred into mice 21 d after LCMV-Cl13 infection. Eight days later
(day 29 after infection) 5,000 carboxyfluorescein succinimidyl ester (CFSE)-
labeled SMARTA cells were transferred into the same mice (i.e., a second
SMARTA cell transfer) or into infection-matched mice that did not previously
receive SMARTA cells at day 21 (control for effective proliferation). Pro-
liferation was then assessed by CFSE dilution 60 h after the second transfer.

To assess how late-primed virus-specific CD4 T cells help B cells and CD8
T-cell responses, 2–5 × 106 B cells from TgKL25 mice (containing ∼1–3 × 105

KL25+ B cells) and/or 5,000 P14 cells were transferred i.v. with or without
50,000 SMARTA cells. Cells were transferred into mice infected 30–45 d
previously and that were CD4 depleted before LCMV infection.

In Vivo CD4 Depletion and Type I IFN Receptor Blockade. To deplete CD4 T cells
before LCMV infection, mice were treated i.v. with 500 μg of anti-CD4 antibody
(clone GK1.5; BioXCell) 4 d before infection and again on the day of infection.
Thirty to 45 dwere allowed to pass before further experiments were performed
to allow for the reconstitution of the endogenous CD4 T-cell compartment.

To block IFN-I signaling in vivo during persistent infection, mice were
treated i.v. with 500 μg of anti-type I IFN receptor (IFNR1) blocking antibody
(clone MAR1-5A3; Leinco Technologies) or isotype control antibody 1 or
2 d before SMARTA cell transfer (on day 19 or 20 of infection), and every
48 h subsequently through day 27 or 28 after infection. For experiments
where IFN-I signaling was blocked after virus-specific T-cell priming, mice
received isotype control antibody on days 20 and 22 of infection, and
IFNR1 blocking antibody starting on day 24 of infection (60 h after SMARTA
cell transfer) and every 2 d subsequently. To block IFN-I signaling at the
onset of infection, animals were treated with isotype antibody or with anti-
IFNR blocking antibody starting 1 d before LCMV-Cl13 infection and SMARTA
cell transfer. Antibody treatment was continued every 2 d through day 7
after infection.

Statistical Analysis. Student t tests (two-tailed, unpaired) and Mann–Whitney
nonparametric tests (two-tailed, unpaired) were performed using GraphPad
Prism 5 software (GraphPad Software).
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