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ABSTRACT Gammaherpesviruses are ubiquitous pathogens that are associated with
cancers, including B cell lymphomas. These viruses are unique in that they infect na-
ive B cells and subsequently drive a robust polyclonal germinal center response in
order to amplify the latent reservoir and to establish lifelong infection in memory B
cells. The gammaherpesvirus-driven germinal center response in combination with
robust infection of germinal center B cells is thought to precipitate lymphomagen-
esis. Importantly, host and viral factors that selectively affect the gammaherpesvirus-
driven germinal center response remain poorly understood. Global deficiency of antivi-
ral tumor-suppressive interferon regulatory factor 1 (IRF-1) selectively promotes the
murine gammaherpesvirus 68 (MHV68)-driven germinal center response and expansion
of the viral latent reservoir. To determine the extent to which antiviral effects of IRF-1
are B cell intrinsic, we generated mice with conditional IRF-1 deficiency. Surprisingly, B
cell-specific IRF-1 deficiency attenuated the establishment of chronic infection and the
germinal center response, indicating that MHV68 may, in a B cell-intrinsic manner, usurp
IRF-1 to promote the germinal center response and expansion of the latent reservoir.
Further, we found that B cell-specific IRF-1 deficiency led to reduced levels of active ty-
rosine phosphatase SHP1, which plays a B cell-intrinsic proviral function during MHV68
infection. Finally, results of this study indicate that the antiviral functions of IRF-1 un-
veiled in MHV68-infected mice with global IRF-1 deficiency are mediated via IRF-1
expression by non-B cell populations.

IMPORTANCE Gammaherpesviruses establish lifelong infection in over 95% of all
adults and are associated with B cell lymphomas. The virus’s manipulation of the
germinal center response and B cell differentiation to establish lifelong infection is
thought to also precipitate malignant transformation, through a mechanism that re-
mains poorly understood. The host transcription factor IRF-1, a well-established tu-
mor suppressor, selectively attenuates MHV68-driven germinal center response, a
phenotype that we originally hypothesized to occur in a B cell-intrinsic manner. In
contrast, in testing, B cell-intrinsic IRF-1 expression promoted the MHV68-driven ger-
minal center response and the establishment of chronic infection. Our report high-
lights the underappreciated multifaceted role of IRF-1 in MHV68 infection and
pathogenesis.
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Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV) are two
highly prevalent human gammaherpesviruses that are associated with several types

of cancer, including B cell lymphomas (1). In vivo studies of EBV and KSHV are
challenging given the species specificity of these viruses that has developed during
coevolution with their host. To overcome this obstacle, the current study utilized
murine gammaherpesvirus 68 (MHV68), a natural rodent pathogen that is genetically
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and biologically similar to EBV and KSHV (2–4) and offers a highly tractable experimen-
tal model to define virus-host interactions in vivo during chronic gammaherpesvirus
infection.

Gammaherpesviruses commandeer B cell differentiation to establish a lifelong latent
viral reservoir in memory B cells. To achieve this, gammaherpesviruses infect naive B
cells and induce a robust germinal center response to expand the latent viral reservoir
in germinal center B cells during early stages of chronic infection (5–7). In a T follicular
helper cell-dependent manner, infected germinal center B cells differentiate into either
memory B cells or plasma cells (8, 9). The long-term latent reservoir is maintained in the
memory B cells, while differentiation of infected B cells into plasma cells triggers
reactivation, the switch from latency to lytic replication (5, 10–12).

Intriguingly, the germinal center response induced by gammaherpesvirus infection
is distinct from physiological B cell differentiation as it results in a robust, albeit
transient increase in levels of class-switched polyclonal antibodies with reactivities
against irrelevant nonvirus antigens (13, 14). These non-virus-specific self-reactive
antibodies rapidly peak within the first 2 weeks of infection, whereas it takes at least a
month for MHV68-specific class-switched antibodies to plateau (13, 14). Similarly, EBV
acquisition generates a spike in non-virus-specific antibody responses, with high titers
of antibodies against horse red blood cells used as a diagnostic test for recent EBV
infection (15). Importantly, gammaherpesvirus-driven germinal center responses may
lead to cellular transformation as germinal center B cells rapidly proliferate, with
concomitant downregulation of tumor suppressors (16) and increased expression of
mutagenic enzymes (17, 18). Not surprisingly, many gammaherpesvirus-driven B cell
lymphomas are of germinal center or post-germinal center origin (19, 20). Despite the
unique and likely pathogenic nature of the gammaherpesvirus-driven germinal center
response, the host and viral mechanisms responsible for the increase in the levels of
germinal center B cells and irrelevant B cell differentiation are poorly understood.

We showed that global expression of the interferon regulatory factor 1 (IRF-1)
transcription factor selectively suppresses the MHV68-driven germinal center response
and attenuates chronic infection (21). The mechanism by which IRF-1 selectively
restricts the MHV68-driven germinal center response and establishment of chronic
infection remains unclear. To determine the extent to which B cell-intrinsic expression
of IRF-1 attenuates the MHV68-driven germinal center response, we generated mice
with B cell-specific IRF-1 deficiency. IRF-1 expression by B cells was not required for B
cell development and baseline immunoglobulin levels. However, in direct contrast to
what was observed during global IRF-1 deficiency (21), B cell-specific IRF-1 deficiency
resulted in reduced MHV68 latency and reactivation along with a significant reduction
in the germinal center response; such a reduction was not observed following infection
with an unrelated RNA virus. Thus, in an intriguing turn of events, B cell-intrinsic
deficiency of IRF-1 produced effects opposite those seen with global IRF-1 deficiency,
and those effects continued to be selective for MHV68 infection. Our findings suggest
that while IRF-1 may be usurped by MHV68 in B cells for viral benefit, IRF-1 expression
by other cellular populations, in a tug-of-war manner, attenuates MHV68-driven ger-
minal center responses and chronic infection.

RESULTS
Generation of the mouse model of B cell-specific IRF-1 deficiency. IRF-1 condi-

tional ready mice [IRF1tm1a(ECOMM)Wtsi] were acquired from the Wellcome Trust Sanger
Institute (Fig. 1A). The original targeted allele contained an FLP recombination target
(FRT)-flanked LacZ/neomycin sequence (annotated as “lac�”; Fig. 1A) inserted in the
intron between the first and second exons of IRF-1, followed by the loxP site with an
additional loxP site downstream of exon 2. LacZ/neomycin sequence was first removed
by crosses to a transgenic mouse strain with ubiquitous expression of Flp recombinase
(22); germ line transmission was ensured by backcrossing to the C57BL/6J background
(annotated as “BL6” in Fig. 1A). Finally, to generate the mouse model of B cell-specific
IRF-1 deficiency, mice lacking the Flp recombinase transgene and positive for the germ
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FIG 1 Generation of the mouse model of B cell-specific IRF-1 deficiency. (A) Graphical representation of
genetic constructs (not to scale) and animal crosses used to generate IRF-1flox/flox mice. Numbers in
parentheses correspond to the numbers identifying individual PCRs in panel B. (B) PCR products of
genotyping reactions designed to detect the presence of the LoxP sites and the juxtaposed FRT sites
within the conditional IRF-1 allele. (C) B cells, T cells, or splenocytes isolated from naive CD19 Cre-positive
and Cre-negative littermates homozygous for the conditional IRF-1 allele were mock treated or stimu-
lated with 10 U/ml IFN-� for 5 h as indicated and subjected to Western analyses using the indicated
antibodies. (D) Representative histogram of the B220-positive splenocytes isolated from CD19 Cre-
positive (Pos) and Cre-negative (Neg) littermates, with data from multiple animals summarized in the
adjacent graph. (E) Levels of total IgM (right panel) and IgG (left panel) in the sera of naive CD19
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line excision of the LacZ/neomycin cassette in the mutant IRF-1 allele were crossed to
the mouse strain with Cre recombinase expression driven by the B cell-selective CD19
promoter (23). The presence of LoxP sites and excision of the LacZ/neomycin cassette
were verified by PCR (Fig. 1B).

Expression of IRF-1 was evaluated by measuring IRF-1 protein levels in sorted splenic
B cells. To increase the sensitivity of residual IRF-1 detection, B cells were treated with
interferon gamma (IFN-�) to transcriptionally boost IRF-1 expression. IRF-1 protein
levels were below the level of detection in IFN-�-treated B cells isolated from CD19
Cre-positive IRF-1loxP/loxP mice compared to IRF-1loxP/loxP controls (Fig. 1C; referred to as
CD19 Cre positive and Cre negative throughout this article). To determine if loss of IRF-1
in B cells impacted IRF-1 expression in other cell types, particularly T cells, IRF-1 protein
levels were measured at baseline in total splenocytes and, following IFN-� treatment,
in sorted splenic T cells. As expected, there was no difference in the IRF-1 protein levels
in total splenocytes and sorted T cells isolated from CD19 Cre-positive and Cre-negative
mice (Fig. 1C). B cell-intrinsic IRF-1 deficiency had no effect on the frequency and total
number of splenic B cells in naive CD19 Cre-positive and Cre-negative littermate
controls (Fig. 1D), indicating that B cell-specific IRF-1 expression was not required for B
cell development. Likewise, baseline serum levels of IgG and IgM were similar in CD19
Cre-positive and Cre-negative naive mice (Fig. 1E), indicating that B cell-intrinsic IRF-1
expression was not required for baseline immunoglobulin production.

B cell-intrinsic IRF-1 expression supports optimal establishment of MHV68
chronic infection. Following inoculation of a naive host, MHV68 replication occurs
systemically for the first 10 to 12 days before lytic virus is cleared and the latent viral
reservoir is expanded (24, 25). Peak viral latency in the spleen is observed around
16 days postinfection, with germinal center B cells hosting the majority of the latent
viral reservoir at that time (5, 26). Global IRF-1 deficiency leads to a significant increase
in the level of the peak latent MHV68 reservoir and, eventually, to increased viral
reactivation in the spleens of long-term-infected mice (21).

To define the B cell-intrinsic role of IRF-1 during the establishment of chronic MHV68
infection, CD19 Cre-positive and Cre-negative mice were infected and the frequencies
of MHV68 DNA-positive cells and ex vivo reactivation compared in the spleen at 16 days
postinfection. In contrast to the results observed under conditions of global IRF-1
deficiency, there was a (�3-fold) decrease in the frequency of MHV68 DNA-positive
splenocytes (Fig. 2A), along with a (2.6-fold) decrease in the absolute number of MHV68
DNA-positive splenocytes (Fig. 2B) in the CD19 Cre-positive mice compared to the
Cre-negative mice. Further, there was a significant reduction in the frequency of MHV68
ex vivo reactivation in the spleens of CD19 Cre-positive mice (Fig. 2C). Thus, unexpect-
edly, B cell-specific loss of IRF-1 resulted in attenuation of MHV68 latency and reacti-
vation.

B cell-intrinsic IRF-1 expression supports MHV68-driven germinal center re-
sponses. Gammaherpesviruses infect naive B cells, with subsequent entry of both
infected and bystander B cells into the germinal center, where the viral latent reservoir
is exponentially amplified via cellular proliferation. (5–7). Consistent with the increased
MHV68 latent reservoir levels observed in mice with global IRF-1 deficiency, these mice
also display a dramatic increase in levels of germinal center B cells (21). In contrast,
there was a significant decrease in the frequency and number of germinal center B cells
of CD19 Cre-positive mice following MHV68 infection (Fig. 3A to C). Consistent with the
critical role of CD4 T follicular helper cells in MHV68-driven germinal center responses
(9), the frequency and number of CD4 T follicular helper cells were also significantly
decreased in the MHV68-infected CD19 Cre-positive mice (Fig. 3D to F). Differentiation
of latently infected B cells into plasma cells triggers viral reactivation (10). Consistent

FIG 1 Legend (Continued)
Cre-positive and Cre-negative littermates. Each symbol in panels D and E represents an individual animal.
Error bars indicate means and standard errors of measurements. Data in panel E are also included in Fig.
4A and B.
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with the decreased frequency of ex vivo MHV68 reactivation observed in CD19 Cre-
positive mice (Fig. 2C), there was also a significant decrease in the frequency and
number of class-switched plasma cells in mice with B cell-specific IRF-1 deficiency (Fig.
3G to I). In summary, B cell-intrinsic IRF-1 expression supported MHV68-driven germinal
center responses and B cell differentiation.

B cell-intrinsic IRF-1 deficiency attenuates generation of MHV68- and dsDNA-
specific antibodies. Gammaherpesviruses are unique as they drive irrelevant B cell
differentiation, which leads to an early increase in the levels of non-virus-specific,
self-directed antibodies (13, 27). Given this unique manipulation of B cell differentiation
and the attenuated levels of germinal center B cells and plasma cells in MHV68-infected
CD19 Cre-positive mice (Fig. 3), humoral responses were assessed. While some heter-
ogeneity was observed, there were no statistically significant differences in IgG and IgM
serum levels following infection of CD19 Cre-positive and Cre-negative littermates
(Fig. 4A and B; data for uninfected mice are the same as those in Fig. 1E). In contrast,
there was a significant reduction in the levels of MHV68-specific IgG (Fig. 4C) and IgM
(Fig. 4D) in the sera of infected CD19 Cre-positive mice. Next, levels of antibodies
against double-stranded DNA (dsDNA) were assessed as a readout of the self-directed
antibody response. Surprisingly, and in spite of having similar total IgG levels, MHV68-
infected CD19 Cre-positive mice had significantly reduced anti-dsDNA IgG titers com-
pared to Cre-negative littermates (Fig. 4E). Thus, B cell-intrinsic IRF-1 expression sup-
ported the generation of both MHV68- and dsDNA-specific class switched antibodies.

B cell-intrinsic IRF-1 deficiency selectively attenuates MHV68-driven germinal
center responses. Restriction of the germinal center responses observed in mice with
global IRF-1 deficiency was selective for MHV68 infection, as germinal center responses
following immunization or infection with lymphocytic choriomeningitis virus (LCMV)
were similar in control and IRF-1�/� mice (21). To determine the extent to which B
cell-intrinsic IRF-1 expression is selective for MHV68-driven germinal center response,
CD19 Cre-positive and Cre-negative mice were infected with LCMV clone 13 and the
peak germinal center response was examined at 14 days postinfection. In contrast to
the results of observed during MHV68 infection (Fig. 3A to F), there was no difference
in the frequency and number of germinal center B cells (Fig. 5A and B) in the
LCMV-infected CD19 Cre-positive and Cre-negative groups. Further, despite the similar
frequencies, the absolute number of CD4 T follicular helper cells was increased in
LCMV-infected CD19 Cre-positive mice (Fig. 5C and D). Finally, there were no differ-
ences in the abundances of LCMV-specific IgG (Fig. 5E) and IgM (Fig. 5F) antibodies.
Thus, B cell-intrinsic IRF-1 expression selectively promoted MHV68-driven but not
LCMV-driven germinal center and humoral responses.
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FIG 2 B cell-intrinsic IRF-1 expression supports optimal establishment of MHV68 chronic infection. CD19 Cre-positive and
Cre-negative littermates were infected with 1,000 PFU of MHV68. Spleens were collected at 16 days postinfection, processed
into a single-cell suspension, and subjected to limiting dilution assays to determine the frequency (A) or absolute number (B)
of MHV68 DNA-positive cells and the frequency of ex vivo viral reactivation (C). Each experimental group consisted of 3 to 4
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B cell-intrinsic IRF-1 function is dispensable for long-term MHV68 infection.
Long-term gammaherpesvirus infection is established by 42 days postinfection concur-
rent with a return of the germinal center and self-directed antibody responses to nearly
baseline levels. Long-term MHV68 infection remains poorly controlled under conditions
of global IRF-1 deficiency, with sustained increase in the latent viral reservoir, viral
reactivation, and further exacerbation of the germinal center response (21). To deter-
mine the B cell-intrinsic role of IRF-1 during long-term infection, parameters of MHV68
latency were compared between CD19 Cre-positive and Cre-negative littermates at
42 days postinfection. Interestingly, there was no longer a difference in the frequencies
(Fig. 6A) or absolute numbers (Fig. 6B) of MHV68 DNA-positive splenocytes in CD19
Cre-positive and Cre-negative mice and the levels of viral reactivation in the spleen
were equivalently undetectable (Fig. 6C). Intriguingly, while there were no differences
with respect to the latent viral reservoir and viral reactivation between CD19 Cre-
positive and Cre-negative mice at 42 days postinfection, there was a slight attenuation
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of the germinal center response seen as a decrease in the frequency and number of
germinal center B cells (Fig. 6D to F) as well as in the frequency of CD4 T follicular helper
cells (Fig. 6G to I) in CD19 Cre-positive mice. Therefore, while IRF-1 B cell-intrinsic
expression aided the establishment of peak viral latent reservoir levels (Fig. 2 and 3), it
was dispensable during long-term infection, despite sustained IRF-1-dependent differ-
ences in the germinal center responses.

B cell-intrinsic IRF-1 deficiency leads to reduced levels of active SHP1. We
recently showed that B cell-intrinsic expression of the tyrosine phosphatase SHP1
supports the MHV68-driven germinal center response and the establishment of peak
viral latency (28). Interestingly, IRF-1 promotes SHP1 expression in glia (29). To deter-
mine the extent to which B cell-specific IRF-1 deficiency affects total protein levels of
SHP1, B cells were isolated from spleens of naive CD19 Cre-positive and Cre-negative
mice and cultured in the presence of IFN-� to induce IRF-1 expression. Surprisingly,
Cre-positive, IRF-1-deficient B cells had the same levels of SHP1 protein as wild-type B
cells, regardless of IFN-� treatment (Fig. 7A), indicating that in contrast to glia, IRF-1
does not promote SHP1 expression in splenic B cells.

At baseline, SHP1 exists in an autoinhibited state. Activation of several kinases leads
to phosphorylation of SHP1 on either of two C-terminal tyrosines, including Y564, thus
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increasing its phosphatase activity by relieving autoinhibition and allowing interaction
with downstream adaptor proteins (30, 31). Having observed similar levels of total SHP1
protein in CD19 Cre-positive and Cre-negative B cells, levels of active SHP1 were
measured in total splenocytes and purified splenic B cells stimulated with IFN-�.
Interestingly, the CD19 Cre-positive B cells had lower levels of Y564-phosphorylated
SHP1 following activation with IFN-� (Fig. 7B). Thus, B cell-intrinsic IRF-1 expression,
while dispensable for overall SHP1 protein levels, promoted SHP1 activation.

DISCUSSION
Role of IRF-1 in the germinal center response. Manipulation of B cells is critical for

gammaherpesvirus infection, as the virus infects naive B cells and then drives a robust
germinal center response in order to establish lifelong infection in memory B cells. Our
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FIG 5 B cell-intrinsic IRF-1 deficiency selectively attenuates MHV68-driven germinal center response. (A
to D) CD19 Cre-positive and Cre-negative littermates were intravenously infected with 2 � 106 PFU of
LCMV clone 13 (CL13). Spleens were collected at 14 days postinfection and processed into a single-cell
suspension, and the germinal center response was measured with germinal center B cells (A and B)
defined as B220� GL7� CD95� cells and T follicular helper cells (C and D) defined as CD3� CD4� CXCR5�

PD-1� cells. (E and F) Abundance of LCMV-specific IgG (E) and IgM (F) antibodies in the sera. Each symbol
represents an individual spleen. P values are as indicated. **, P � 0.001.
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previous study identified transcription factor IRF-1 as the first host factor to selectively
restrict MHV68-driven germinal center response throughout chronic infection (21).
Given the significance of B cell differentiation for gammaherpesvirus infection and the
observed viral and host phenotypes in mice with global IRF-1 deficiency, we hypoth-
esized that IRF-1 must function in a B cell-intrinsic manner to suppress MHV68-driven
germinal center response and viral latency. To test this hypothesis, we generated mice
with IRF-1 deficiency restricted to B cells (CD19 Cre-positive mice) (Fig. 1), to our
knowledge, the first reported mouse model with conditional IRF-1 alleles. To our
surprise and in direct contrast to what was found under conditions of global IRF-1
deficiency (21), there was a significant reduction in the MHV68-driven germinal center
response following infection of the CD19 Cre-positive mice (Fig. 3 and 6). Interestingly,
no attenuation of germinal center responses was observed in CD19 Cre-positive mice
following LCMV infection, indicating a selective role of B cell-intrinsic IRF-1 expression
in promoting the MHV68-driven germinal center response. Thus, in an intriguing turn
of events, B cell-specific IRF-1 expression appears to be proviral, whereas expression of
IRF-1 by another, yet-to-be-defined cellular population is likely to be responsible for the
IRF-1-dependent attenuation of MHV68-driven germinal center response.
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FIG 6 B cell-intrinsic IRF-1 function is dispensable for long-term gammaherpesvirus infection. (A to C) CD19 Cre-positive and Cre-negative
littermates were infected as described for Fig. 2. Spleens were collected at 42 days postinfection, processed into a single-cell suspension,
and subjected to limiting dilution assays to determine the frequency (A) or absolute number (B) of MHV68 DNA-positive cells and the
frequency of ex vivo viral reactivation (C). (D to I) The germinal center response was measured, with germinal center B cells (D to F) defined
as B220� GL7� CD95� cells and T follicular helper cells (G to I) defined as CD3� CD4� CXCR5� PD-1� cells. Frequencies of cells, absolute
numbers of cells, and reactivation frequencies were determined for panels D and G, E and H, and F and I as described for panels A, B, and
C, respectively. Each experimental group consisted of 3 to 4 animals; data were pooled from 2 to 3 independent experiments; standard
errors of the means are displayed.
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The findings of our study highlight the fact that IRF-1 functions are modified in a cell
type-dependent manner, an expected phenotype as IRF family members can associate
with cell type-specific transcription factors to affect gene expression (32). IRF-1 is
constitutively expressed and active in a majority of cell types, with baseline levels of
expression further enhanced transcriptionally, most notably by interferons, and post-
translationally, by regulation of protein stability. Thus, IRF-1-dependent gene targets
are likely to be further modified by the infection status of the tissue, changes in the
cytokine milieu, and cellular differentiation, all of which are likely to affect IRF-1-
interacting cellular partners and downstream gene expression.

We were intrigued by the possibility that PTPN6 (encoding SHP1) could be one of
what are likely many relevant IRF-1 gene targets, as we have recently shown that B
cell-specific expression of SHP1 supports the establishment of latent MHV68 infection
and MHV68-driven germinal center response (28) and the reported positive regulation
of SHP1 expression by IRF-1 in glial cells (29). However, SHP1 protein levels were similar
in CD19 Cre-positive and Cre-negative sorted B cells (Fig. 7A). Despite similar total SHP1
levels, levels of active SHP1, as measured by Y564 phosphorylation, were increased in
IFN-�-stimulated sorted B cells from CD19 Cre-negative mice compared to those from
CD19 Cre-positive mice (Fig. 7B). Many tyrosine kinases can phosphorylate Y564 of
SHP1, including Lck and Lyn (31, 33), two tyrosine kinases expressed to high levels in
T cells and B cells, respectively. Lck expression was not affected in IRF-1�/� thymocytes
(34). However, it is not clear whether IRF-1 regulates expression of Lyn or other tyrosine
kinases that can activate SHP1, potentially contributing to cell type-dependent phe-
notypes of IRF-1 in vivo.

We have observed that positive effects of B cell-intrinsic IRF-1 expression on
germinal center responses were evidenced following MHV68 infection but not LCMV
infection. This further suggests that IRF-1-dependent changes in B cell-intrinsic host
gene expression, while dispensable for the physiological germinal center response, are
likely critical for the unique nature of the gammaherpesvirus-driven germinal center
response. In addition to their benefitting from “conventional” IRF-1 effects on B
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FIG 7 B cell-intrinsic IRF-1 deficiency leads to reduced levels of active SHP1. (A) Spleens were collected
from CD19 Cre-positive and Cre-negative IRF-1 conditional littermates, and B cells were purified via
negative selection and mock treated or stimulated with 10 U/ml IFN-� for 5 h prior to Western analysis
of total SHP1. Splenic B cells isolated from CD19 Cre-positive and Cre-negative SHP1flox/flox mice were
used as an antibody specificity control. (B) Total splenocytes and IFN-�-stimulated purified B cells from
CD19 Cre-positive and Cre-negative mice were subjected to Western analyses using the indicated
antibodies.
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cell-intrinsic host gene expression, it is tempting to speculate that gammaherpesviruses
may usurp and/or redirect IRF-1 to affect expression of host and/or viral genes. IRF-1
attenuates lytic MHV68 replication in primary macrophages (35); however, MHV68
infection is latent in most B cells (with the exception of plasma cells). Interestingly,
KSHV and closely related rhadinoviruses of nonhuman primates encode several viral
IRFs that share limited homology with the DNA binding domain defining the cellular
members of the IRF family (reviewed in references 36 and 37). Some of these viral IRFs
are expressed during KSHV latency and interact with IRF-1, although the role of KSHV
viral IRFs during chronic infection remains undefined. In contrast, lack of viral IRF
clusters in rhesus macaque rhadinovirus led to attenuated infection and decreased B
cell hyperplasia in infected animals, along with robust induction of proinflammatory
and T cell responses (38). EBV and MHV68 do not encode proteins with detectable
homology to cellular IRFs, and viral regulators of IRF-1 have not been described for
these two viruses. However, consistent with our current study demonstrating a proviral
role of B cell-intrinsic IRF-1 during the establishment of latent MHV68 infection, IRF-1
and IRF-2 constitutively activate promoters of EBV EBNA1 (39), a critical viral latent
gene, suggesting a proviral role of IRF-1 during latent EBV infection of B cells.

B cell-intrinsic function of IRF-1 during gammaherpesvirus infection and
pathogenesis. Although B cell-intrinsic IRF-1 expression promoted the MHV68-driven
germinal center response both at the peak of viral latency and during long-term
infection, the proviral effects of B cell-intrinsic IRF-1 expression were limited to the
establishment of viral latency. While the germinal center response is critical for the
optimal amplification of latent viral load during peak viral latency, long-term infection
is associated with a decrease in and stabilization of the latent viral load, maintenance
of which becomes more dependent on the infection of developing B cell populations
(40). As B cell-specific IRF-1 deficiency had no effect on the peripheral B cell numbers
and, therefore, on B cell development, it is perhaps not very surprising that the proviral
effects of IRF-1 were limited to the stage of latent infection that is highly dependent on
the germinal center response.

Uncovering the exact mechanism by which IRF-1 B cell-intrinsic function impacts
MHV68 latency and gene expression is going to be challenging, as there is no in vitro
experimental system to study MHV68 infection of germinal center B cells. B cell
differentiation through the germinal center cannot be recapitulated in vitro as it
depends on the still incompletely understood interactions between B cells, CD4 T cells,
and antigen-presenting cells that are regulated temporally and that intimately depend
on the architectural features of lymphoid tissue in vivo, features that cannot yet be
reproduced in culture. Not surprisingly, given these limitations, infection of cultured
splenic B cells by MHV68 is notoriously inefficient and/or abortive, in contrast to in vivo
infection, where MHV68 genome is present in up to 20% of all germinal center B cells
at the peak of viral latency (26). In spite of this rather high latent viral presence in the
germinal center B cells of infected animals, conventional transcriptome sequencing
(RNA-seq) approaches are biased toward detection of much more abundant cellular
transcripts; further, these approaches have to be significantly modified to detect
expression of multiple noncoding viral RNAs or complex protein-coding viral tran-
scripts. Thus, future studies defining regulation of latent MHV8 infection and compre-
hensive viral gene expression in germinal center B cells await technological advances.

Gammaherpesviruses are associated with B cell lymphomas, and IRF-1 is an estab-
lished tumor suppressor, at least in the context of breast cancer, endometrial carci-
noma, and esophageal cancer (41–43). We previously showed that IRF-1 protein levels
are selectively decreased in EBV-positive but not EBV-negative posttransplant lym-
phoproliferative disorder (PTLD) (21), suggesting a dichotomous role of B cell-intrinsic
IRF-1 expression which supports the efficient establishment of chronic gammaherpes-
virus infection but likely suppresses viral lymphomagenesis during long-term latency. It
is tempting to speculate that certain B cell-intrinsic IRF-1-regulated cellular (and
perhaps viral) genes support the establishment of MHV68 latency either directly or
indirectly, the latter by mechanisms uniquely required for efficient MHV68-driven
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germinal center responses. In this scenario, loss of B cell-intrinsic IRF-1 expression is
detrimental for the establishment of chronic infection, as our study demonstrated.
However, other well-established IRF-1 functions may be particularly important to
antagonize virus-driven lymphomagenesis. For example, IRF-1 cooperates with p53 to
enforce cell cycle checkpoints in response to DNA damage to allow sufficient time for
DNA repair or to facilitate apoptosis if the damage exceeds the repair capacity (44, 45).
Thus, decreased expression of IRF-1 in B cells of an immunocompromised host may
select for more-efficient viral transformation of germinal center B cells that already
undergo exaggerated mutagenesis as a part of the physiological differentiation pro-
cess. Dissecting out IRF-1-regulated genes that are differentially involved in viral
lymphomagenesis versus the establishment of chronic infection in an immunocompe-
tent host is an important focus of future studies.

MATERIALS AND METHODS
Animals. All experimental manipulations of mice were approved by the Institutional Animal Care and

Use Committee of the Medical College of Wisconsin (MCW) (AUA971). All mice were housed and bred in
a specific-pathogen-free facility. The IRF-1loxP/loxP mice were generated as described for Fig. 1. Briefly,
mice with loxP sites flanking exon 2 of the IRF1 gene with an additional FRT site-flanked �-lactamase/
neomycin resistance reporter cassette inserted in the first intron (L1L2_Bact_P) were acquired from the
Wellcome Trust Sanger Institute [Irf1tm1a(EUCOMM)Wtsi]. These mice were subsequently bred to a FLP
recombinase transgenic mouse obtained from Jackson Laboratories [B6.129S4-Gt(Rosa)26Sortm1(FLP1)Dym/
RainJ] (22). The resultant offspring were backcrossed to C57BL/6J mice (Jackson Laboratories) to achieve
germ line recombination of the FRT sites and loss of the FLP transgene. To generate mice with B
cell-specific IRF-1 deficiency, mice were further bred to CD19 Cre-positive [B6.129P2-Cd19tm1(cre)Cgn/J]
mice (23) from The Jackson Laboratories (Bar Harbor, ME). Excision of the FRT-flanked cassette was
monitored by PCR using the following primer sequences: AGTGGTGGTGGTAAGAGCCT (forward) and
GATGTCCCAGCCGTGCTTAG (reverse). The presence of the conditional IRF-1 allele was detected using the
following primer pair: TGTTCTAGCAAGTTCTCAGAGG (forward) and TGGTACCCTGACTCACAACTG (re-
verse). CD19 Cre recombinase allele was detected using ACGTACTGACGGTGGAGAA (forward) and CAA
AAATCCCTTCCAGGGCG (reverse).

Infections. Mice between 6 and 10 weeks of age were intranasally infected with 1,000 PFU of MHV68
(WUMS) diluted in sterile serum-free Dulbecco’s modified Eagle’s medium (DMEM) (15 �l/mouse), under
light anesthesia. The spleen was harvested from euthanized mock-infected and MHV68-infected animals
at indicated time points postinfection. MHV68 virus stock was grown and titers were determined using
NIH 3T12 cells. For LCMV infections, mice between 6 and 10 weeks of age were infected intravenously
with 2 � 106 PFU of LCMV clone 13. LCMV was prepared by a single passage on BHK21 cells, with viral
titers being determined via plaque assay on Vero cells. Mice were euthanized by CO2 inhalation from a
compressed gas source in a nonovercrowded chamber. Mice were bled prior to euthanasia via the
submandibular route, and serum was isolated using BD Microtainer blood collection tubes (Becton,
Dickinson and Company, Franklin Lakes, NJ).

Limiting dilution assays. The frequency of cells harboring viral DNA and the frequency of ex vivo
reactivation of MHV68 were determined as previously described (46). Briefly, to determine the frequency
of virally infected cells, splenocytes from 3 to 4 mice per experimental group were pooled and 3-fold
serial dilutions were subjected to nested PCR (12 replicates/dilution) using primers against the viral
genome. The frequency of ex vivo reactivation of MHV68 was determined by pooling infected spleno-
cytes from 3 to 4 mice per group and plating 8 serial 2-fold dilutions onto a monolayer of mouse
embryonic fibroblasts (MEFs) at 24 replicates per dilution. MHV68 was allowed to reactivate and further
replicate within MEFs for 21 days, followed by assessment of cytopathic effect in every well. The limit of
detection for this assay is a single plaque-forming unit.

Flow cytometry. Single-cell suspensions of splenocytes from both mock-infected and infected mice
were prepared in fluorescence-activated cell sorter (FACS) buffer (phosphate-buffered saline [PBS], 2%
fetal calf serum [FCS], 0.05% sodium azide) at 1 � 107 nucleated cells/ml. A total of 1 � 106 cells were
treated with Fc block (24G2) prior to extracellular staining with an optimal antibody concentration for 30
min on ice. Data acquisition was performed on a LSR II flow cytometer (BD Biosciences, San Jose, CA), and
data were analyzed using FlowJo software (Tree Star, Ashland, OR). The following antibodies used in this
study were purchased from BioLegend (San Diego, CA): CD3 (17A2), CD4 (RM4-5), CD8a (53-7.3), CD44
(IM7), CD95 (Jo2), PD-1 (29f.1A12), B220 (RA3-6B2), and GL7 (GL-7). CXCR5 staining was done by triple
amplification using CXCR5-rat anti-mouse, biotin-goat anti-rat, and Streptavidin-allophycocyanin
(Streptavidin-APC) antibodies.

Enzyme-linked immunosorbent assay (ELISA). Total, MHV68-specific, LCMV-specific, and dsDNA
immunoglobulin levels were determined as previously described (14, 21, 47–50). Briefly, Nunc MaxiSorp
plates (Fisher Scientific, Pittsburgh, PA) were coated with either anti-mouse IgG antibodies (heavy plus
light chain) or anti-mouse IgM antibodies (total IgG and IgM levels) (Jackson ImmunoResearch, West
Grove, PA), UV-irradiated MHV68 virus stock–PBS (Stratalinker UV Crosslinker 1800; Agilent Technologies,
Santa Clara, CA) (740,000 �J/cm2 � 2), LCMV clone 13-infected BHK cell lysates, or dsDNA from
Escherichia coli (12.5 �g/ml; Sigma-Aldrich, St. Louis, MO) overnight at 4°C. Plates were washed with
PBS–Tween (0.05%) and blocked for 1 h with PBS–Tween (0.05%)– bovine serum albumin (BSA) (3%),
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incubated with 5-fold serial dilutions of serum in PBS–Tween (0.05%)–BSA (1.5%) for 2 h, and then
washed with PBS–Tween (0.05%). Bound antibody was detected with horseradish peroxidase (HRP)-
conjugated goat anti-mouse total IgG (heavy plus light chain) or IgM (Jackson ImmunoResearch, West
Grove, PA) using 3,3=,5,5=-tetramethylbenzidine substrate (Life Technologies, Gaithersburg, MD). HRP
enzymatic activity was stopped by the addition of 1 N HCl (Sigma-Aldrich, St. Louis, MO), and the
absorbance was read at 450 nm on a model 1420 Victor3V multilabel plate reader (PerkinElmer,
Waltham, MA).

Western blotting. Splenic B and T cells were negatively selected (Stem Cell EasySep mouse B cell
isolation kit [Stem Cell Technologies Inc., Cambridge, MA] and MojoSort mouse CD3 T cell isolation kit
[BioLegend, San Diego, CA]) according to the instructions of the manufacturers. Splenic B cells isolated
from CD19 Cre-positive and Cre-negative SHP1flox/flox mice (28) were used to assess SHP1 antibody
specificity. B and T cells were lysed in Laemmli buffer and subjected to Western analyses as previously
described (51). The following antibodies were used: anti-IRF-1 (1:1,000), anti-phospho-SHP1 (Y564)
(1:1,000), and anti-� actin (1:40,000) (Cell Signaling Technologies, Danvers, MA); anti-SHP1 (1:5,000)
(Santa Cruz Biotechnology, Santa Cruz, CA); and a secondary goat anti-rabbit horseradish peroxidase-
conjugated secondary antibody (1:15,000) (Jackson ImmunoResearch, West Grove, PA).

Statistical analyses. Statistical analyses were performed using Student’s t test (Prism; GraphPad
Software, Inc.).
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