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ABSTRACT

CD8� T cell responses are critical to the control of replication and reactivation associated with gammaherpesvirus infection.
Type I interferons (IFNs) have been shown to have direct and indirect roles in supporting CD8� T cell development and function
during viral infection; however, the role of type I interferons during latent viral infection has not been examined. Mice deficient
in type I IFN signaling (IFNAR1�/� mice) have high levels of reactivation during infection with murine gammaherpesvirus 68
(MHV68), a murine gammaherpesvirus model for Epstein-Barr virus. We hypothesized that type I IFNs function to enhance the
anti-gammaherpesvirus CD8� T cell response. To test this, IFNAR1�/� mice were infected with MHV68 and the CD8� T cell
response was analyzed. In the absence of type I IFN signaling, there was a marked increase in short-lived effector CD8� T cells,
and MHV68-specific CD8� T cells had upregulated expression of PD-1 and reduced tumor necrosis factor alpha (TNF-�),
gamma IFN (IFN-�), and interleukin-2 (IL-2) production. Suppressing MHV68 replication early in infection using the antiviral
cidofovir rescued CD8� T cell cytokine production and reduced PD-1 expression. However, suppressing high levels of reactiva-
tion in IFNAR1�/� mice failed to improve CD8� T cell cytokine production during latency. T cell-specific abrogation of type I
IFN signaling showed that the effects of type I IFNs on the CD8� T cell response during MHV68 infection are independent of
direct type I IFN signaling on T cells. Our findings support a model in which type I IFNs likely suppress MHV68 replication, thus
limiting viral antigen and facilitating an effective gammaherpesvirus-directed CD8� T cell response.

IMPORTANCE

The murine gammaherpesvirus MHV68 has both genetic and biologic homology to the human gammaherpesvirus Epstein-Barr
virus (EBV), which infects over 90% of humans. Latent EBV infection and reactivation are associated with various life-threaten-
ing diseases and malignancies. Host suppression of gammaherpesvirus latency and reactivation requires both CD8� T cells as
well as type I interferon signaling. Type I IFNs have been shown to critically support the antiviral CD8� T cell response in other
virus models. Here, we identify an indirect role for type I IFN signaling in enhancing gammaherpesvirus-specific CD8� T cell
cytokine production. Further, this function of type I IFN signaling can be partially rescued by suppressing viral replication dur-
ing early MHV68 infection. Our data suggest that type I IFN signaling on non-T cells can enhance CD8� T cell function during
gammaherpesvirus infection, potentially through suppression of MHV68 replication.

The gammaherpesvirus-directed CD8� T cell response is criti-
cal to the control of replication and reactivation associated

with Epstein-Barr virus (EBV) infection, and individuals with
either genetic or acquired immunodeficiencies are highly suscep-
tible to EBV-associated diseases (1–3). Adoptive transfer of EBV-
specific CD8� T cells has been successfully utilized to treat EBV-
associated lymphoproliferative disease (4, 5). In addition, CD8� T
cells prevent in vivo tumor outgrowth of B cell cancer lines im-
mortalized by murine gammaherpesvirus 68 (MHV68), a well-
characterized virus model for EBV (6). Thus, CD8� T cells can
suppress gammaherpesvirus-associated malignancies. The prom-
ise of immunotherapy and vaccine development relies on our un-
derstanding of factors that promote a highly effective gammaher-
pesvirus-directed CD8� T cell response.

CD8� T cells responding to their cognate antigen require
three signals for survival and differentiation: antigen, costimu-
latory molecules, and cytokines which include type I interfer-
ons (IFNs) and/or interleukin-12 (IL-12) (7, 8). In this capac-
ity, type I IFNs directly mediate antiviral CD8� T cell
expansion, memory development, and effector function,
thereby coupling innate immunity with the adaptive immune
response (9). Direct type I IFN signaling on CD8� T cells is
required for CD8� T cell expansion and memory formation dur-

ing lymphocytic choriomeningitis (LCMV) infection and contrib-
utes to the formation of CD8� T cell memory and effector function in
response to vesicular stomatitis virus infection, yet it is dispensable
during vaccinia virus infection (10, 11). Thus, evidence points to dis-
tinct context- and pathogen-dependent roles for type I IFNs on anti-
viral CD8� T cell responses. Nonetheless, the role of type I IFNs in the
antiviral CD8� T cell development and function during gammaher-
pesvirus is largely unexplored.

In this study, we evaluated the effects of type I IFNs on the
CD8� T cell response during MHV68 infection. Given the impor-
tance of CD8� T cells in controlling MHV68 lytic replication and
reactivation (12–14) and the well-described role for type I IFNs in
supporting other nonlatent viral CD8� T cell responses, we hy-
pothesized that type I IFNs function to improve the effector func-

Received 18 August 2014 Accepted 19 September 2014

Published ahead of print 24 September 2014

Editor: M. S. Diamond

Address correspondence to Erik S. Barton, ebarton@wakehealth.edu.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.02360-14

14040 jvi.asm.org Journal of Virology p. 14040 –14049 December 2014 Volume 88 Number 24

http://dx.doi.org/10.1128/JVI.02360-14
http://jvi.asm.org


tion of the MHV68-directed CD8� T cell response. Using
IFNAR1�/� mice, we show that type I IFN signaling influences
MHV68-specific CD8� T cell effector and memory differentia-
tion. Further, MHV68-specific IFNAR1�/� CD8� T cells have a
marked and persistent defect in production and coproduction of
the effector cytokines tumor necrosis factor alpha (TNF-�),
gamma IFN (IFN-�), and IL-2. Suppressing early MHV68 repli-
cation in IFNAR1�/� mice rescued type I IFN-dependent CD8� T
cell function and PD-1 expression. However, suppressing reacti-
vation during latency failed to restore IFNAR1�/� CD8� T cell
function or differentiation to wild-type (WT) levels. Finally, we
demonstrate that direct type I IFN signaling on T cells is dispens-
able for wild-type CD8� T cell differentiation and cytokine pro-
duction. We propose a model in which type I IFNs indirectly sup-
port MHV68-specific CD8� T cell cytokine production, at least in
part, through control of viral replication and by limiting early
antigen exposure.

MATERIALS AND METHODS
Mice, virus, and cell isolation. Age-matched mice (8 to 12 weeks old)
were used for all experiments. Wild-type and IFNAR1�/� mice on a
C57BL/6J background have been described previously (15). B6.Cg-
Tg(Lck-Cre)548Jxm/J (Lck-Cre) mice were obtained from Jackson Labora-
tories (Bar Harbor, ME) and crossed with IFNAR1�/� and IFNAR1flox/flox

(here termed IFNAR1 Fl/Fl; obtained from Ulrich Kalinke) mice to obtain
experimental mice (Lck-Cre, IFNAR1 Fl/�). IFNAR1 deletion specifically
on CD8� T cells in founder animals was confirmed by flow cytometric
analysis using MAR1-5A3 antibody (Biolegend). Lck-Cre mice were bred
to IFNAR1 Fl/Fl mice to obtain control mice (Lck-Cre, IFNAR1 Fl/�). For
all experiments, isoflurane-anesthetized mice were infected by intranasal
inoculation with 100 PFU of MHV68 in 40 �l of Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 2 mM L-glutamine. Mice were humanely euthanized by isoflu-
rane followed by cervical dislocation prior to harvest. Spleens were re-
moved and homogenized using a frosted-glass tissue homogenizer. Red
blood cells were removed by osmotic lysis (red blood cell lysing buffer;
Sigma Life Science), and remaining cells were resuspended in RPMI 1640
supplemented with 10% FBS, 2 mM L-glutamine, 100 units/ml penicillin,
100 �g/ml streptomycin, and 50 �M 2-mercaptoethanol. Peritoneal exu-
date cells (PECs) were obtained by peritoneal lavage with 10 ml of DMEM
supplemented with 10% FBS, 2 mM L-glutamine, 100 units/ml penicillin,
and 100 �g/ml streptomycin.

Cidofovir treatment. The viral DNA polymerase inhibitor cidofovir
{(S)-1-[3-hydroxy-2-(phosphonylmethoxy)propyl]cytosine; Sigma-Al-
drich} was diluted to 5 mg/ml in phosphate-buffered saline (PBS) and
stored at 4°C. For suppression of latent reactivation, mice were weighed
prior to treatment, administered 25 mg of cidofovir/kg of body weight
subcutaneously in the scruff 23, 24, 27, and 30 days postinfection (dpi),
and harvested at 32 dpi (16). Control mice were similarly weighed and
administered an equivalent calculated volume of PBS. For suppression of
lytic MHV68 replication, mice were weighed prior to treatment and ad-
ministered 8 mg/kg of 1.6 mg/ml cidofovir in PBS as a single dose at 2 dpi.
Control mice were similarly weighed and administered an equivalent vol-
ume of PBS. MHV68 tissue titers were assessed by plaque assay on BALB/
3T12 monolayers (17).

Surface and intracellular antibody labeling. The following antibod-
ies were used in this study: rat anti-mouse CD8a-V500 (clone 53-6.7), rat
anti-mouse CD8a-fluorescein isothiocyanate (FITC) (53-6.7), rat anti-
mouse CD8a-peridinin chlorophyll protein (PerCP) (53-6.7), rat anti-
mouse CD8a-Pacific Blue (53-6.7), rat anti-mouse CD8a-allophycocya-
nin (APC) (53-6.7), rat anti-mouse CD8a-phycoerythrin (PE) (53-6.7),
rat anti-mouse CD8a-PE-Cy7 (53-6.7), rat anti-mouse CD4-PerCP
(RM4-5), rat anti-mouse CD44-FITC (IM7), rat anti-mouse IgM-PerCP-
eFluor 710 (II/41; eBioscience), rat anti-mouse CD127-FITC (A7R34;

eBioscience), rat anti-mouse CD27-PE-Cy7 (LG.7F9; eBioscience), rat
anti-mouse CD197 (CCR7)-eFluor 450 (4B12; eBioscience), rat anti-
mouse CD62L-APC-Cy7 (MEL-14), hamster anti-mouse CD69-FITC
(H1.2F3), hamster anti-mouse CD279 (PD-1)-PE (J43), rat anti-mouse
CD44-APC (IM7), rat anti-mouse CD45R (B220)-APC-Cy7 (RA3-6B2),
hamster anti-mouse KLRG-1-PE (2F1; Abcam), rat anti-mouse IFN-�-
PerCp-Cy 5.5 (XMG1.2), rat anti-mouse TNF-PE (MP6-XT22), and rat
anti-mouse IL-2-APC (JES6-5H4). All antibodies were obtained from BD
Biosciences unless otherwise noted. Surface labeling was performed by
incubation of antibodies at a 1:100 (vol/vol) dilution (KLRG-1 was di-
luted at 1:25) in fluorescence-activated cell sorter (FACS) buffer (phos-
phate-buffered saline plus 2% FBS) for 30 min on ice, washed three times
in FACS buffer, and resuspended and fixed in 2% paraformaldehyde in
PBS. MHV68-specific CD8� T cells were identified by labeling with APC-
conjugated tetramers specific for the MHV68 lytic epitopes AGPHNDMEI
(ORF6487-495; H2-Db restricted) and TSINFVKI (ORF61524-531; H2-Kb
restricted), referred to as p56 and p79, respectively. These epitopes are
immunodominant in the MHV68 CD8� T cell response and have been
used extensively to study the MHV68 CD8� T cell response (18). The p56
and p79 tetramers are diluted to final concentrations of 1:200 and 1:2,500
(vol/vol), respectively, concurrent with surface antibodies. For intracellu-
lar cytokine labeling, cells were treated with a BD Pharmigen Cytofix/
Cytoperm kit according to the manufacturer’s instructions.

CD8� T cell peptide stimulation. Splenocytes were incubated for 5 h
in 100 �l of medium containing 1:1,000 (vol/vol) of the protein transport
inhibitor GolgiPlug (BD Biosciences) and 0.3 �g/�l of MHV68 p56 pep-
tide (AGPHNDMEI), MHV68 p79 peptide (TSINFVKI) (�95% purity;
CHI Scientific), or no peptide (19). Cells were subsequently labeled with
surface and intracellular antibodies as described above.

Limiting-dilution assays for quantitation of viral genome load and
reactivation frequency. The limiting-dilution PCR for MHV68 genome
frequency has been described previously (13). Briefly, cryopreserved
splenocytes or peritoneal exudate cells (PECs) were thawed and resus-
pended in isotonic lysis buffer solution (IsoLB). Proteinase K (200 �g/ml)
in diluent (10 mM Tris [pH 8.5], 1.5 mM MgCl2, 1% NP-40, and 1%
Tween 20) was added to each well of a 96-well plate. Twelve replicates of
six 3-fold serial dilutions of splenocytes or PECs in a background of equiv-
alent numbers of 3T12 fibroblasts were plated in wells containing the
proteinase K solution and digested for 6 h at 56°C. Two successive rounds
of PCR using nested primers specific for the MHV68 ORF72 gene were
then performed, and PCR products were identified by agarose gel electro-
phoresis.

The limiting-dilution reactivation assay to assess MHV68 ex vivo reacti-
vation has been described previously (17). Briefly, pooled splenocytes or
PECs were plated in serial 2-fold dilutions onto C57BL/6J mouse embryonic
fibroblast monolayers. Twenty-four replicates were plated for each dilution,
with a total of 8 dilutions (splenocytes) or 12 dilutions (PECs). The frequency
of preformed (lytic) virus frequency was assessed in parallel by plating four
serial dilutions of mechanically disrupted splenocytes and PECs. Plates were
incubated at 37°C for 21 days, at which time wells were microscopically eval-
uated for viral cytopathic effect (CPE).

Statistical analysis. Data were analyzed by nonpaired, two-tailed Stu-
dent’s t test using GraphPad Prism 5.0, with a P value of �0.05 considered
significant. Data from the limiting-dilution viral genome frequency and
viral reactivation assays were fitted to a sigmoidal curve by nonlinear
regression. Viral genome and viral reactivation frequencies were defined
based on Poisson distribution as the frequencies at which 63% of cells
were PCR and CPE positive, respectively.

RESULTS
Type I IFN signaling-deficient mice have increased numbers of
MHV68-specific short-lived effector CD8� T cells (SLECs). To
determine the role of type I IFNs in the development of the anti-
MHV68 CD8� T cell response, the inception and progression of
the CD8� T cell response to the MHV68 immunodominant lytic
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epitopes p56 (ORF6) and p79 (ORF61) was assessed. As shown in
Fig. 1A and B, wild-type (WT) and IFNAR1�/� mice had similar
early kinetics of expansion of CD8� T cells specific for these two
viral epitopes, with expansion of p56-specific CD8� T cells pre-
ceding expansion of p79-specific CD8� T cells as previously de-
scribed (18–20). However, IFNAR1�/� mice had approximately
2- to 4-fold-higher levels of p56-specific CD8� T cells beginning at
16 dpi and as late as 46 dpi and approximately 2- to 3-fold-higher
levels of p79-specific CD8� T cells at 32 dpi and 46 dpi. Higher
numbers of MHV68-specific CD8� T cells were not due to in-
creased splenomegaly, since total splenocytes in MHV68-infected
IFNAR1�/� mice were �2-fold reduced compared to those in WT
mice at all time points examined (data not shown).

Antiviral CD8� T cell responses are heterogeneous in their
differentiation phenotypes. To examine the role of type I IFNs in
CD8� T cell differentiation, we evaluated the differentiation phe-
notype of the MHV68-specific CD8� T cell response. IFNAR1�/�

mice had reduced percentages of p56- and p79-specific CD8� T
cells expressing markers of central memory differentiation
(CD62L� CCR7�, CD62L� CD27�), although absolute numbers
of central memory CD8� T cells did not significantly differ from
those of wild-type mice due to higher total numbers of virus-
specific CD8� T cells in IFNAR1�/� mice (data not shown).
However, there was an enhanced skewing toward a short-lived
effector cell phenotype (KLRG-1� CD127�) in IFNAR1�/� mice
in both p56 and p79 CD8� T cells (Fig. 1C and D). Additionally,

FIG 1 Type I IFN receptor-deficient mice have increased numbers of MHV68-specific CD8� T cells that are skewed toward a short-lived effector
phenotype. WT or IFNAR1�/� mice were infected with MHV68, and splenocytes were harvested at the time points indicated. (A and B) Splenocytes were
labeled with anti-CD8 (�-CD8), �-CD44, and either Dbp56 (p56) or Kbp79 (p79) MHC class I tetramers, and numbers of tetramer-positive CD8� CD44hi

cells were calculated. Representative dot plots with the percentage of parent indicated in the quadrants (A) and data from the indicated times postinfection
(B) are shown. (C and D) Splenocytes were labeled with �-CD8, �-KLRG-1, �-CD127, and either p56 or p79 tetramers, and numbers of SLECs were
calculated. Representative dot plots (C) and data from the indicated times postinfection (D) are shown. Means 	 standard errors of the mean (SEM),
representing five to nine mice at each time point, are shown. Horizontal dotted line in panels B and D indicates background in naive mice as gated; #,
number of. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (paired, two-tailed Student’s t test).
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IFNAR1�/� mice had elevated numbers of p56-specific and p79-
specific SLECs, even at late time points (32 dpi and 46 dpi), after
lytic replication has ceased. Accordingly, elevated numbers of
MHV68-specific CD8� T cells in IFNAR1�/� mice could be ac-
counted for by the increased numbers of SLECs.

Type I interferons enhance MHV68-specific CD8� T cell ef-
fector cytokine production. Type I IFN signaling has been shown
to support CD8� T cell effector capabilities, including cytokine
production (11, 21). We assessed the role of type I IFNs in
MHV68-directed CD8� T cell effector function using ex vivo stim-
ulation with MHV68 p56 and p79 peptides (22), followed by in-
tracellular cytokine labeling for TNF-�, IFN-�, and IL-2. On a
per-cell basis, IFNAR1�/� CD8� T cells had a marked reduction
in TNF-� production following MHV68 peptide stimulation (Fig.
2A and C). Specifically, p79-responding IFNAR1�/� CD8� T cells
had up to a 10-fold reduction in TNF-� production, a defect still
apparent at 46 dpi. Additionally, IFNAR1�/� CD8� T cells had up
to a 2-fold reduction in IFN-� production, although IFN-� pro-
duction increased later in infection (Fig. 2D). One of the most
pronounced defects observed for IFNAR1�/� CD8� T cells was in
the ability to coproduce effector cytokines. IFNAR1�/� CD8� T
cells had reduced coproduction of both IFN-� and TNF-� (Fig.
2A and E) as well as IFN-� and IL-2 (Fig. 2B and F). Similar results
were also observed for p56 peptide-stimulated CD8� T cells (data
not shown). However, there was no difference in expression of
CD107a, a representative marker of degranulation capacity (23),
between IFNAR1�/� and WT CD8� T cells (data not shown).

To rule out the possibility that poor cytokine production was
not spuriously skewed by a defect in a single CD8� T cell effector
phenotype, such as SLECs, we labeled MHV68 peptide-stimulated
splenocytes with antibodies to KLRG-1 and CD127, followed by
labeling for intracellular cytokines. As shown in Fig. 3, the defect
in coproduction of cytokines was uniform among the examined
differentiation phenotypes, demonstrating that the defect in cyto-
kine coproduction was not limited to SLECs.

CD8� T cells from MHV68-infected IFNAR1�/� mice have
upregulated expression of PD-1. PD-1 is an inhibitory receptor
expressed on activated T cells, and upregulation of PD-1 is asso-
ciated with CD8� T cell dysfunction and exhaustion during some
chronic viral infections (24). We hypothesized that both high lev-
els of lytic replication and elevated reactivation in IFNAR1�/�

mice may drive upregulation of PD-1. Expression of PD-1 was
assessed for WT and IFNAR1�/� mice throughout MHV68 infec-
tion. Elevated PD-1 expression in MHV68-specific IFNAR1�/�

CD8� T cells was apparent even at 46 dpi in p79-specific
IFNAR1�/� CD8� T cells and upregulated at early time points in
p56-specific CD8� T cells (Fig. 4B). The prolonged increased
PD-1 expression in p79-specific IFNAR1�/� CD8� T cells is con-
sistent with prolonged antigen presentation of the MHV68 p79-
epitope, as previously described (18). Interestingly, CD69, a mol-
ecule rapidly upregulated upon antigen exposure, was expressed
by only a fraction (
20 to 35%) of both wild-type and
IFNAR1�/� p56- and p79-specific CD8� T cells during latency.
However, more than 50% of PD-1-expressing MHV68-specific
CD8� T cells were also CD69� (Fig. 4A), perhaps suggesting that
persistent antigen exposure might contribute to upregulated PD-1
expression.

Early suppression of MHV68 replication can rescue CD8� T
cell effector cytokine production and downregulate PD-1 in
IFNAR1�/� mice. To assess the contribution of viral replication

in the development and function of the MHV68-specific CD8� T
cell response, IFNAR1�/� mice were treated with the viral DNA
polymerase inhibitor cidofovir (25, 26). We identified a dosage (8
mg/kg) that effectively reduced MHV68 lung titers to wild-type
levels (Fig. 5A). Suppressing early viral replication in IFNAR1�/�

mice resulted in a slight reduction in the number of MHV68-
specific CD8� T cells and SLECs, but this reduction was not signifi-
cant (data not shown). However, cidofovir treatment dramatically
reduced expression of PD-1 (Fig. 5B), with an approximately 2-fold
reduction in the percentage of virus-specific CD8� T cells express-
ing this inhibitory receptor. Further, cidofovir-treated mice had
significantly increased production and coproduction of TNF-�
and IFN-� compared to PBS-treated mice (Fig. 5C). These results
show that early mitigation of high levels of MHV68 replication can
partially rescue the type I IFN-dependent defect in CD8� T cell
effector cytokine production, suggesting an important role for
early control of MHV68 replication in generating an effective
CD8� T cell response.

Suppressing MHV68 reactivation does not restore IFNAR1�/�

CD8� T cell function during latency. Evidence from chronic
HIV-1 infection in humans supports a model in which CD8� T
cell exhaustion is perpetuated by chronic, viral epitope-specific
antigen exposure, and the functionality can be partially restored
and PD-1 expression reduced by reducing viral antigen levels (27).
Despite high acute viral titers, IFNAR1�/� mice clear acute
MHV68 infection and establish latency with kinetics similar to
those of wild-type mice, albeit with up to 2-log-higher levels of
reactivation (17). Therefore, we hypothesized that elevated levels
of reactivation in IFNAR1�/� mice may contribute to the persis-
tently increased numbers of MHV68-specific CD8� T cells and
reduced cytokine production observed for IFNAR1�/� mice dur-
ing latency. To test this, viral reactivation was inhibited using ci-
dofovir. After 9 days of treatment with either cidofovir or PBS (23
dpi to 32 dpi), cidofovir-treated mice had a 12-fold reduction in ex
vivo reactivation frequency in the peritoneal compartment (Fig.
6A), but only a 2-fold suppression of reactivation in the spleen
(Fig. 6B). The levels of persistently replicating virus, as measured
by plating mechanically disrupted cells, was less than 1 per 40,000
cells in PECs and below the level of detection in splenocytes and
therefore did not affect our measurements of reactivation (data
not shown). Cidofovir treatment reduced the latent viral ge-
nome load in the peritoneal compartment and spleen no more
than 2-fold (data not shown), suggesting that cidofovir sup-
pressed reactivation efficiency on a per-cell basis rather than
reducing the number of infected cells. Despite the suppression
of reactivation, there was no change in MHV68-specific CD8�

T cell numbers (Fig. 6C), SLEC skewing (Fig. 6D), or cytokine
production (Fig. 6E) in cidofovir-treated IFNAR1�/� mice
compared to those in PBS-treated controls. These results sug-
gest that the persistent defect in effector cytokine production
by IFNAR1�/� CD8� T cells is either unlikely to be potentiated
by the high levels of MHV68 reactivation in these mice or rep-
resents an irreversible defect.

Type I IFN signaling on T cells is dispensable for wild-type
CD8� T cell differentiation, PD-1 expression, and effector cyto-
kine production. To determine if type I IFNs signal directly on T
cells to mediate CD8� T cell development and function during
MHV68 infection, we utilized the Cre-recombinase mouse system
to generate mice with abrogated type I IFN signaling specifically in
T cells (Lck-Cre, IFNAR1 Fl/�). At 16 dpi, which corresponds to
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the peak of the defect in IFNAR1�/� CD8� T cell cytokine pro-
duction, there was no difference in the numbers of p56- or p79-
specific CD8� T cells (Fig. 7A), numbers of SLECs (Fig. 7B), PD-1
expression levels (Fig. 7C), or cytokine production levels (Fig. 7D)

between infected Lck-Cre IFNAR1 Fl/� (control) and Lck-Cre
IFNAR1 Fl/� mice. This demonstrates that the diverse effects of
type I IFNs on the MHV68-specific CD8� T cell response are
independent of type I IFN signaling on T cells.

FIG 2 Type I IFN signaling enhances CD8� T cell effector cytokine production following ex vivo MHV68 peptide stimulation. WT or IFNAR1�/� mice were
infected with MHV68, and splenocytes were harvested at the indicated times postinfection. Splenocytes were incubated with p79 peptide (p79 stim) or no peptide
(no stim) and labeled with �-CD8, �-IFN-�, �-TNF-�, and �-IL-2 and evaluated by flow cytometry. Representative dot plots of TNF-� and IFN-� (A) and IL-2
and IFN-� (B) from individual mice at 16 dpi are shown with the percentage of parent indicated in the quadrants. Per-cell geometric mean expression levels of
TNF-� (C) and IFN-� (D) for IFN-�� CD8� T cells are shown for the indicated times postinfection. Coproduction of TNF-� and IFN-� and IL-2 and IFN-� is
represented as the percentage of IFN-�� CD8� T cells also expressing either TNF-� (E) or IL-2 (F). Means 	 SEM, representing five to nine mice at each time
point, are shown. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (paired, two-tailed Student’s t test). MFI, mean fluorescence intensity.
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DISCUSSION

Herpesviruses employ diverse mechanisms to subvert the host
CD8� T cell response as well as type I IFN signaling pathways
(28–32). Understanding the role of type I IFNs in the generation
and maintenance of an effective anti-gammaherpesvirus CD8� T
cell response may help to identify targets for vaccine therapy and
immunotherapy.

In this study, we utilized the murine gammaherpesvirus
MHV68 to evaluate the effects of type I IFNs on the anti-gamma-
herpesvirus CD8� T cell response. Given the established role of
type I IFNs in CD8� T cell development and function in various
nonlatent viral infections, we hypothesized that type I IFNs would
support anti-MHV68 CD8� T cell differentiation and effector ca-
pabilities. Here we show that, indeed, type I IFNs function indi-
rectly to enhance CD8� T cell effector cytokine production and
modulate differentiation during MHV68 infection. Additionally,
we demonstrate that suppression of MHV68 reactivation during
latency does not restore CD8� T cell function, although early sup-
pression of MHV68 replication in IFNAR1�/� mice reduces
CD8� T cell PD-1 expression and restores TNF-� and IFN-� pro-
duction.

Despite persistent low-level reactivation during latency, CD8�

T cell exhaustion does not occur during herpesvirus infections
(33). CD8� T cell exhaustion during chronic LCMV infection and
other chronic viral infections is characterized by a hierarchal, pro-
gressive loss of effector cytokine production and killing function,
with early loss of IL-2 and TNF-� production, followed later by
loss of IFN-� production and, last, by impaired cytolysis (34).
CD8� T cell exhaustion is also associated with upregulation of the
inhibitory PD-1 receptor (24). During MHV68 infection in
IFNAR1�/� mice, we observed reduced TNF-�, IFN-�, and IL-2
production and coproduction, a phenotype which persisted even
during latency. However, there was no defect in the ability of
IFNAR1�/� CD8� T cells to degranulate, as measured by CD107a
labeling (data not shown), suggesting selective loss of some, but
not all, effector functions. We also observed elevated PD-1 expres-
sion in MHV68-specific IFNAR1�/� CD8� T cells. Both reduced

FIG 3 The defect in coproduction of TNF-� and IFN-� in IFNAR1�/� CD8�

T cells is uniform among effector differentiation subtypes. WT and
IFNAR1�/� mice were infected with MHV68 and euthanized at 16 dpi.
Splenocytes were stimulated with p79 peptide and labeled with �-CD8,
�-KLRG-1, �-CD127, �-IFN-�, and �-TNF-� and evaluated by flow cytom-
etry. Bars represent percent IFN-�� CD8� T cells also producing TNF-� fol-
lowing peptide stimulation. Means 	 SEM, representing six total mice per
group from two independent experiments, are shown. **, P � 0.01; ***, P �
0.001 (paired, two-tailed Student’s t test). SLEC, short-lived effector cells
(KLRG-1� CD127�); DPEC, double-positive effector cells (KLRG-1�

CD127�); MPEC, memory precursor effector cells (KLRG-1� CD127�); EEC,
early effector cells (KLRG-1� CD127�).

FIG 4 MHV68-specific CD8� T cells from IFNAR1�/� mice have upregulation of the inhibitory PD-1 receptor. WT or IFNAR1�/� mice were infected with
MHV68, and splenocytes were harvested at the indicated times postinfection. Splenocytes were labeled with �-CD8, �-CD69, �-PD-1 and either p56 or p79
tetramers. Representative flow cytometric dot plots for PD-1 and CD69 expression in individual mice at 16 dpi with the percentage of parent in the quadrants are
shown in panel A. The percentage of p56-tetramer-positive (left) and p79-tetramer-positive (right) CD8� T cells with upregulated PD-1 expression at the
indicated time points postinfection are shown in panel B. Means 	 SEM, representing five to nine mice at each time point, are shown. **, P � 0.01; ***, P � 0.001
(paired, two-tailed Student’s t test).
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effector cytokine production and upregulated PD-1 expression
were observed early in the CD8� T cell response and persisted
even during latency. This situation somewhat contrasts with the
gradual and progressive loss of IFN-� production and PD-1 up-
regulation during chronic LCMV infection, suggesting that the
pathogenesis of the defects observed for MHV68-specific

IFNAR1�/� CD8� T cells may differ from that of other chronic
infections. Diamond et al. have shown that type I IFNs act in the
later stages of CD8� T cell maturation to enhance functionality in
response to West Nile virus (35). It would be interesting to simi-
larly explore the temporal roles of type I IFNs on the MHV68-
specific CD8� T cell response, particularly since evidence suggests

FIG 5 Early suppression of MHV68 replication reduces PD-1 expression and increases effector cytokine production in IFNAR1�/� CD8� T cells. IFNAR1�/�

and C57BL/6J mice were infected with MHV68, and IFNAR1�/� mice were administered either PBS or cidofovir (8 mg/kg) at 2 dpi and euthanized at 10 dpi.
Infectious virus was quantified by plaque assay. Shown are mean lung viral titers 	 SEM from two pooled independent experiments, with two to three mice per
group (A). IFNAR1�/� mice were infected with MHV68 and administered either PBS or cidofovir (8 mg/kg) at 2 dpi and euthanized at 16 dpi. Splenocytes were
labeled with �-CD8, �-PD-1, and p56 or p79 tetramers (B), or �-CD8, �-IFN-�, and �-TNF-� following stimulation with indicated peptides (C) and evaluated
by flow cytometry. Data points indicate individual mice from two independent experiments. Horizontal lines within each group of plotted data indicate pairwise
comparisons for statistical analysis, and the dotted lines indicate the limit of detection. Means 	 SEM for each group are shown. ns, P � 0.05; *, P � 0.05; **,
P � 0.01; ***, P � 0.001 (paired, two-tailed Student’s t test).

FIG 6 Suppressing MHV68 reactivation during latency does not reduce MHV68-specific CD8� T cell numbers or restore cytokine production in IFNAR1�/�

mice. IFNAR1�/� mice were infected with MHV68 and administered either PBS or cidofovir (25 mg/kg) from 23 to 32 dpi. The frequency of PECs (A) and
splenocytes (B) reactivating MHV68 at 32 dpi was determined by limiting-dilution reactivation assays. Shown are the means and SEM from two (PBS) or three
(cidofovir) independent experiments with two to four mice per group. Dotted lines indicate the point of 63% Poisson distribution, determined by nonlinear
regression, which was used to calculate the frequency of cells reactivating. Splenocytes were labeled with �-CD8, �-CD44, and p56 or p79 tetramers (C), �-CD8,
�-KLRG-1, �-CD127, and p56 or p79 tetramers (D), �-CD8, �-PD-1, and p56 or p79 tetramers (E), or �-CD8, �-IFN-�, and �-TNF-� following stimulation
with indicated peptides (F) and evaluated by flow cytometry. The means 	 SEM for total tetramer-positive CD8� T cells (C), SLECs (D), percent PD-1� (E), or
percentage of IFN-�� CD8� T cells also producing TNF-� (F) are plotted. Data points represent results from individual mice from three independent
experiments. ns, P � 0.05; *, P � 0.05; **, P � 0.01; ***, P � 0.001 (paired, two-tailed Student’s t test).
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that type I IFNs play an active role in control of MHV68 even
during latency (17). Although suppressing MHV68 replication
early in infection in IFNAR1�/� mice mitigated the defects in
cytokine production and upregulation of PD-1, CD8� T cell num-
bers and SLEC skewing remained unchanged. This suggests that
although type I IFNs may function to prevent CD8� T cell dys-
function by limiting MHV68 replication, a differential function of
type I IFNs influences MHV68-specific CD8� T cell expansion
and differentiation.

Type I IFNs have both direct and indirect effects on CD8� T
cells. Direct type I IFN signaling on CD8� T cells can act as the
third costimulatory signal to enhance CD8� T cell expansion (36)
and memory differentiation (37). This model is supported in vivo
during LCMV infection, wherein a loss of intrinsic CD8� type I
IFN signaling results in a severe (�99%) reduction in LCMV-
specific CD8� T cell expansion and memory pool formation (10).
Direct type I IFN signaling on CD8� T cells also upregulates ef-
fector and cytotoxicity-associated transcripts, which include gran-
zyme B, IFN-�, and FasL (21). Therefore, we predicted that intrin-
sic type I IFN signaling on CD8� T cells would mediate effector
function and memory differentiation during MHV68 infection.
Surprisingly, there was no difference in MHV68-specific CD8� T
cell cytokine production or differentiation in mice with T cell-
specific ablation of type I IFN signaling, suggesting that the effects
of type I IFNs were entirely independent of direct type I IFN sig-
naling on CD8� T cells.

Where, then, do type I IFNs signal to mediate effector capabil-
ities and differentiation of the MHV68-specific CD8� T response?
Dendritic cells represent a likely target for type I IFNs during
MHV68 infection. Type I IFN signaling on dendritic cells func-
tions to upregulate antigen cross-presentation to CD8� T cells as
well as expression of costimulatory molecules necessary for CD8�

T cell activation (38, 39). During MHV68 infection, plasmacytoid
dendritic cells are recruited to the lung and upregulate major his-
tocompatibility complex (MHC) class II (40). Further, condi-
tional loss of type I IFN signaling on dendritic cells during Dengue
virus infection of mice recapitulates the disease phenotype ob-
served with germ line IFNAR1�/� mice (41), suggesting that DCs
are an indispensable target of type I IFNs in certain viral infec-
tions. Alternatively, immunomodulatory cytokines may play a
role in MHV68-infected IFNAR1�/� mice. MHV68-infected
IFNAR1�/� mice have elevated expression of the MHV68 M2
latent protein. MHV68 M2 protein induces IL-10 production by

latently infected B cells; IL-10 functions to promote expansion
and differentiation of latently infected B cells (42). IL-10 can also
negatively modulate herpesvirus-directed CD8� T cell responses
(42–44). We have not observed a significant difference in splenic
IL-10 mRNA expression between latently infected IFNAR1�/�

and wild-type (unpublished data) mice; however, we cannot rule
out a role for immunomodulatory cytokines, such as IL-10, in
suppressing CD8� T cell effector function in MHV68-infected
IFNAR1�/� mice.

The dramatically increased titers and expanded viral dissemi-
nation of MHV68 in IFNAR1�/� mice imply an important role
for type I IFNs in the innate immune response, in particular on
somatic cells, such as pulmonary epithelial cells, a primary target
of MHV68 replication during intranasal infection (45). High lev-
els of antigen exposure are key mediators of CD8� T cell exhaus-
tion (46–48). In support of this mechanism, early mitigation of
MHV68 replication in IFNAR1�/� mice resulted in marked im-
provement in CD8� T cell TNF-� and IFN-� production, as well
as reduced PD-1 expression. Therefore, in this context, suppres-
sion of viral replication may rescue the defect in global type I IFN
signaling, suggesting that limiting the viral antigen load is key to
the generation of CD8� T cell effector function during MHV68
infection.

The persistence of defects in cytokine production in
IFNAR1�/� CD8� T cells throughout later time points suggested
possible ongoing interference with CD8� T cell function.
IFNAR1�/� mice have up to a 100-fold increase in MHV68 reac-
tivation. We predicted that this high level of reactivation may
result in exposure of CD8� T cells to persistently high antigen
levels, similar to that observed during chronic LCMV Cl13 infec-
tion (47). Evidence during chronic HIV-1 infection in humans
suggests that limiting the antigen load can reverse CD8� T cell
exhaustion (27). However, suppressing MHV68 reactivation with
cidofovir treatment during latency had no effect on CD8� T cell
numbers, memory pool skewing, PD-1 expression or cytokine
production. Youngblood et al. have demonstrated that chronic
HIV and LCMV infection results in prolonged demethylation of
the PD-1-encoding genetic locus (49, 50). Therefore, control of
viral antigen exposure alone may not allow CD8� T cells to regain
wild-type PD-1 expression and function. It is also important to
note that our measurements of reactivation are limited to ex vivo
assessment, and cidofovir treatment significantly reduced reacti-
vation only in PECs and not splenocytes. In addition, viral antigen

FIG 7 Type I IFN signaling on T cells is dispensable for wild-type CD8� T cell numbers, effector differentiation, PD-1 expression, and effector cytokine
production during MHV68 infection. Lck-Cre, IFNAR1 Fl/� (flox/�) and Lck-Cre, IFNAR1 Fl/� (flox/�) mice were infected with MHV68 and euthanized at 16
dpi. Splenocytes were labeled with �-CD8, �-CD44, and p56 or p79 tetramers (A), �-CD8, �-KLRG-1, �-CD127, and p56 or p79 tetramers (B), �-CD8, �-PD-1,
and p56 or p79 tetramers (C), or �-CD8, �-IFN-�, and �-TNF-� following stimulation with the indicated peptides (D) and evaluated by flow cytometry. Data
points indicate results from individual mice from three independent experiments. Means 	 SEM are shown. ns, P � 0.05; *, P � 0.05; **, P � 0.01; ***, P � 0.001
(by paired, two-tailed Student’s t test).
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may persist and activate antigen-specific CD8� T cells long after
clearance of detectable replication (51–53). Thus, we cannot rule
out the possibility that residual lytic antigen or reactivation-asso-
ciated antigen that is not suppressed by cidofovir treatment in vivo
continuously interferes with restoration of CD8� T cell effector
capabilities during MHV68 infection in IFNAR1�/� mice.

Our observation that type I IFNs indirectly mediate CD8� T
cell differentiation and effector function during MHV68 infection
is in agreement with the effects of type I IFNs during West Nile
virus infection (35) but in contrast with the direct effects of type I
IFNs during LCMV infection (10). The disparate effects of type I
IFNs on the CD8� T cell response toward divergent viruses likely
highlights the fact that immune requirements for viral control are
pathogen specific, and they may also depend on host mechanisms
of viral control specific to those viruses. Identifying immune fac-
tors and the context in which they are required to support the
gammaherpesvirus-directed CD8� T cell response may promote
development of more effective immunotherapeutic strategies for
treatment of gammaherpesvirus-associated malignancies.
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