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ABSTRACT Gammaherpesviruses are ubiquitous pathogens that are associated with
B cell lymphomas. In the early stages of chronic infection, these viruses infect naive
B cells and subsequently usurp the B cell differentiation process through the germi-
nal center response to ensure latent infection of long-lived memory B cells. A
unique feature of early gammaherpesvirus chronic infection is a robust differentia-
tion of irrelevant, virus-nonspecific B cells with reactivities against self-antigens and
antigens of other species. In contrast, protective, virus-specific humoral responses do
not reach peak levels until a much later time. While several host factors are known
to either promote or selectively restrict gammaherpesvirus-driven germinal center
response, viral mechanisms that contribute to the irrelevant B cell response have not
been defined. In this report we show that the expression and the enzymatic activity
of the gammaherpesvirus-encoded conserved protein kinase selectively facilitates
the irrelevant, but not virus-specific, B cell responses. Further, we show that lack of
interleukin-1 (IL-1) receptor attenuates gammaherpesvirus-driven B cell differentia-
tion and viral reactivation. Because germinal center B cells are thought to be the tar-
get of malignant transformation during gammaherpesvirus-driven lymphomagenesis,
identification of host and viral factors that promote germinal center responses dur-
ing gammaherpesvirus infection may offer an insight into the mechanism of gam-
maherpesvirus pathogenesis.

IMPORTANCE Gammaherpesviruses are ubiquitous cancer-associated pathogens that
usurp the B cell differentiation process to establish life-long latent infection in mem-
ory B cells. A unique feature of early gammaherpesvirus infection is the robust in-
crease in differentiation of B cells that are not specific for viral antigens and instead
encode antibodies that react with self-antigens and antigens of other species. Viral
mechanisms that are involved in driving such irrelevant B cell differentiation are not
known. Here, we show that gammaherpesvirus-encoded conserved protein kinase
and host IL-1 signaling promote irrelevant B cell responses and gammaherpesvirus-
driven germinal center responses, with the latter thought to be the target of viral
transformation.
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Gammaherpesviruses establish life-long infection in �95% of adults worldwide and
are associated with the development of lymphoproliferative diseases and other

malignancies (1). Further, these viruses may promote select autoimmune diseases.
Gammaherpesviruses take advantage of B cell differentiation to establish a latent viral
reservoir in memory B cells (2–4). Specifically, Epstein-Barr virus (EBV) and murid
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gammaherpesvirus 68 (MHV68, also named �HV68 or murid herpesvirus-4) infect naive
B cells, with subsequent induction of a robust germinal center response that includes
both virus-infected and uninfected germinal center B cells (2, 5, 6). Importantly, this
unique germinal center reaction encompasses a virus-specific B cell response, along
with robust irrelevant, virus-nonspecific B cell differentiation. As a result of the latter,
there is a rapid, albeit transient, increase in the titers of class-switched polyclonal
antibodies with reactivities against self-antigens and antigens of other species (7, 8). In
fact, the presence of high levels of antibodies against horse red blood cells (and,
historically, sheep and bovine antigens) is a highly specific (99%) diagnostic of a recent
EBV infection (9). In contrast, protective humoral responses directed against EBV and
MHV68 antigens arise with delayed kinetics and may in fact be suppressed by these
viruses (9–12).

Despite the unusual nature of the gammaherpesvirus-induced germinal center
response, only a few factors involved in this response have been identified. CD4 T cells,
including T follicular helper (Tfh) T cells, are necessary for the MHV68-induced germinal
center response, in part via expression of interleukin-21 (IL-21) (7, 13, 14). In contrast,
we identified interferon regulatory factor-1 (IRF-1) as a selective negative regulator of
the gammaherpesvirus-induced germinal center response and a potential suppressor
of EBV-associated lymphoproliferative disease (15). However, the relative contributions
of these host factors to protective versus irrelevant B cell responses have not been
defined. Further, gammaherpesvirus mechanisms that promote irrelevant B cell differ-
entiation remain unknown.

The robust, irrelevant B cell differentiation induced by the gammaherpesvirus
infection is likely to precede both lymphomagenesis and autoimmune diseases in a
susceptible host. The germinal center stage of B cell differentiation is arguably the most
treacherous from the perspective of cellular transformation, as germinal center B cells
undergo rapid cellular division with concomitant downregulation of major tumor
suppressors (16) and expression of enzymes that directly mutagenize the genome (17,
18). The induction of broad germinal center responses coupled to the high frequency
of infected germinal center B cells likely contributes to viral lymphomagenesis, as
evidenced by the observation that a majority of EBV-driven B cell lymphomas are of
germinal center or post-germinal center differentiation stage (19). Further, induction of
self-reactive antibodies during early EBV infection, a transient event in most individuals,
may contribute to autoimmune disease in a susceptible host.

In this study, we show that expression and enzymatic activity of the conserved
gammaherpesvirus protein kinase facilitated irrelevant B cell differentiation during the
establishment of chronic infection. In contrast, protective, virus-specific B cell responses
were not affected by the expression or enzymatic activity of the gammaherpesvirus
protein kinase. Further, we show that the absence of IL-1 signaling led to the decrease
in germinal center responses and irrelevant B cell differentiation induced by a wild-type
but not by a viral-kinase-deficient gammaherpesvirus. Thus, we have used a combina-
tion of viral and host genetics to functionally separate the protective and irrelevant B
cell responses driven by gammaherpesvirus infection.

RESULTS
Viral protein kinase expression and enzymatic activity are critical for the estab-

lishment of splenic gammaherpesvirus latency following a low-dose infection. All
herpesviruses, including EBV and MHV68, encode a protein kinase, with higher simi-
larity among the protein kinases expressed within a specific herpesvirus family. Unfor-
tunately, due to significant species specificity, it is not known how conserved protein
kinases encoded by human gammaherpesviruses affect chronic infection. Because of
the intrinsically druggable nature of kinases, a better understanding of how gamma-
herpesvirus kinases regulate in vivo infection may allow the development of new
antiviral therapies, as pioneered by maribavir, the first inhibitor of betaherpesvirus
protein kinase tested in the clinic (20).
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MHV68 is a natural rodent gammaherpesvirus that is closely related to the known
human gammaherpesviruses and offers a robust animal model of chronic infection and
viral pathogenesis (21–23). Capitalizing on the viral genetics of the MHV68 system, we
used two MHV68 mutant viruses to interfere with the viral protein kinase (encoded by
orf36): (i) an N36S mutant with a translational stop engineered into the orf36 gene that
prevents protein kinase expression; (ii) a 36KN mutant that expresses an enzymatically
null viral protein kinase due to a single amino acid substitution in the catalytic domain
(24). Consistent with our previous observations (25), animals infected with a high dose
(104 PFU) of either orf36 mutant virus displayed decreased frequency of latent infection
and ex vivo reactivation from splenocytes although splenic infection was established in
all three groups (Fig. 1A and B). Because a high infection dose can mask the phenotypes
of viral genes (26, 27), we wanted to determine the extent to which viral protein kinase
facilitates the establishment of MHV68 latency following a lower viral inoculum. In
contrast to high-dose infection, very few MHV68 positive splenocytes were detected in
mice infected with a low dose (500 PFU) of either orf36 mutant virus (Fig. 1C).
Correspondingly, MHV68 reactivation was below the level of detection in splenocytes
harvested from either N36S- or 36KN-infected animals (Fig. 1D). Thus, expression and
enzymatic activity of the viral protein kinase were important for the early splenic
colonization following low-dose, but not high-dose, intranasal infection.

The peak number of latently infected splenocytes observed at 16 days post-MHV68
infection contracts between 16 and 42 days as infection transitions to a stable long-
term phase. Even under conditions of highly attenuated early latency following inoc-
ulation with low doses of orf36 mutant viruses, all three groups of infected mice
displayed similar frequencies of latently infected splenocytes at 42 days postinfection
(Fig. 1E). As expected, no reactivation was observed in splenocytes of all three exper-
imental groups at 42 days postinfection. Thus, in contrast to the early defect in viral
colonization, the viral kinase or its enzymatic activity did not significantly contribute to
the long-term maintenance of low-level splenic latency in an immunocompetent host.

Viral protein kinase expression and enzymatic activity facilitate the gammaherpes-
virus-driven germinal center response. The germinal center response induced during
the establishment of MHV68 infection coincides with and contributes to splenomegaly
(28), a clinical finding also observed in young adults recently infected with EBV (29).
Interestingly, mice infected with the N36S or 36KN mutant had attenuated splenomeg-
aly at 16 days postinfection, as quantified by the number of nucleated cells/spleen (Fig.
2A). This attenuated splenomegaly was not rescued by increasing the inoculum dose to
104 PFU, a condition that allows orf36 mutants to colonize the spleen (Fig. 1A and B).

Because the germinal center response contributes to splenomegaly and expansion
of the viral latent reservoir, germinal center B cells were analyzed next (Fig. 2B). As
expected, infection with wild-type MHV68 increased the frequency and absolute num-
ber of germinal center B cells (Fig. 2C and D); this increase was greater in mice infected
with a high dose than in those infected with a low dose of wild-type MHV68. In contrast,
the frequency and absolute number of germinal center B cells were significantly
attenuated in mice infected with either the N36S or 36KN viral mutant compared to the
wild-type virus infection (Fig. 2C and D), with no effect of increasing the inoculum dose
to 104 PFU. Similar to results observed for germinal center B cells, the frequency and
absolute numbers of CD4 T follicular helper cells were decreased in mice infected with
the N36S mutant compared to the wild-type virus infection (Fig. 2E to G) (104 PFU
inoculum).

Considering decreased frequency of MHV68 DNA-positive splenocytes following
high-dose intranasal infection with either orf36 mutant virus (Fig. 1A), it was possible
that the decreased germinal center response was simply a reflection of attenuated virus
infection. To address this possibility, mice were intraperitoneally inoculated with 104

PFU of wild-type MHV68 or the 36KN mutant, experimental conditions that we previ-
ously showed to result in equivalent frequencies of MHV68 DNA-positive splenocytes in
wild-type MHV68- and 36KN-infected mice (25). In spite of similar frequencies of latently
infected splenocytes, the frequency of germinal center B cells was decreased in
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FIG 1 Viral protein kinase expression and enzymatic activity are critical for the establishment of gammaherpesvirus
latency following a low-dose infection. (A to D). BL6 mice were intranasally infected with indicated doses of
wild-type MHV68 or viral protein kinase mutant virus (N36S mutant lacking expression of kinase or 36KN mutant
that expresses an enzymatically inactive viral kinase). Splenocytes were harvested at 16 days postinfection and
subjected to limiting dilution assays (as described in Materials and Methods) to determine the frequency of MHV68
DNA-positive cells (i.e., latently infected cells) (A and C), or cells reactivating MHV68 ex vivo (B and D). Studies
shown in panel E were extended to 42 days postinfection. Each experimental group consisted of 3 to 5 animals;
data were pooled from 3 to 5 independent experiments. Here and in limiting dilution assays presented in Fig. 3
and 5, the dotted line is drawn at 62.5% and the x coordinate of intersection of this line with the sigmoid graph
represents an inverse of frequency of positive events. CPE, cytopathic effect.
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FIG 2 Viral protein kinase expression and enzymatic activity facilitate gammaherpesvirus-induced splenomegaly and germinal
center response. For the experiments shown in panels A to G, mice were intranasally infected as described in the legend of
Fig. 1 with the indicated doses of the virus, and splenocytes were analyzed at 16 days postinfection. each symbol represents
an individual mouse (except in panels B and E). For the experiment shown in panel H, BL6 mice were intraperitoneally infected
with 104 PFU of wild-type MHV68 or the 36KN mutant. (A) Total number of nucleated cells/spleen. (B, C, D, and H) Germinal
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36KN-infected spleens in contrast to wild-type MHV68-infected spleens (Fig. 3H). Thus,
expression and enzymatic activity of orf36 were required for efficient induction of
germinal center responses following MHV68 infection, independent of the route of
inoculation or efficiency of the establishment of splenic latency.

Gammaherpesvirus infection is associated with profound changes in splenic archi-
tecture due to the polyclonal immune activation and expansion of germinal center
responses. To assess the extent to which viral protein kinase regulated such changes,
spleens from infected animals were examined histologically by a board-certified he-
matopathologist (H. Olteanu) (Fig. 2I). A representative spleen from the mock-infected
group was grossly normal in size and microscopically characterized by a preserved red
pulp (RP) and white pulp (WP) architecture, with an RP/WP ratio of approximately 2:1.
The WP showed antibody B220-positive (B220�) B-cell rich lymphoid follicles with rare
germinal centers (1.7/10� objective field, as indicated by arrows on the hematoxylin
and eosin [H&E] stain) and a normal distribution of periarteriolar lymphoid sheaths
(PALS) composed primarily of CD3� T cells (data not shown). Infection with wild-type
MHV68 resulted in an increase in spleen size (5 to 6 times larger than spleens of
mock-infected mice) but preservation of the RP/WP ratio (2:1). Importantly, there was
evidence of follicular hyperplasia, with an increased number of follicles with germinal
centers (average, 4.8/10� objective field; range 3 to 6 per 10� field), and variable PALS
hyperplasia and plasmacytosis. Finally, the mice infected with the N36S viral kinase
mutant demonstrated an intermediate response, with splenomegaly (2 to 3 times larger
than spleens of mock-infected mice but smaller than those of wild-type MHV68-
infected animals), and a preserved RP/WP ratio of approximately 2:1. The follicular
hyperplasia was evident in this group, as well, as shown by the increased number of
follicles with germinal centers (average, 2.6/10� objective field; range, 1 to 4 per 10�

FIG 2 Legend (Continued)
center B cells were defined as B220� GL7� CD95� cells and were gated as shown in panel B. Relative frequencies and absolute
numbers are shown. (E to G) T follicular helper cells were defined as CD3� CD4� CXCR5� PD1� cells and gated as shown in
panel E. Relative frequencies and absolute numbers are shown. *, P � 0.05. Data were pooled from 2 to 4 independent
experiments. (I) Spleens were collected at 16 days following mock infection or infection with 104 PFU of wild-type MHV68 or
the N36S mutant. Paraffin-embedded 5-�m sections of mouse organs were stained with hematoxylin and eosin or processed
for immunohistochemistry using antibody against a B cell marker (B220). Histology was evaluated by a board-certified
hematopathologist (H. Olteanu). Arrows indicate germinal centers. WT, wild type.
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FIG 3 Viral protein kinase facilitates MHV68 infection of germinal center B cells. BL6 mice were intranasally infected
with 104 PFU of indicated viruses, and splenocytes were harvested at 16 days postinfection and sorted into
germinal center B cells (A) and marginal zone (MZ) B cells (B). These populations were defined using markers
described in Materials and Methods. The frequency of MHV68 DNA-positive cells was determined in each sorted
population using limiting dilution nested PCR. Data were pooled from 2 to 4 independent experiments.
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objective field), albeit hyperplasia was attenuated compared to the level with the
wild-type infection. In summary, expression of the gammaherpesvirus protein kinase
supported changes in splenic architecture associated with induction of germinal center
responses.

Viral protein kinase facilitates MHV68 infection of germinal center and mar-
ginal zone B cells. MHV68 infects transitional B cells (30), and we have previously

shown that both the N36S and the 36KN MHV68 mutants can infect immature B cells,
albeit at a lower frequency (25). However, it was not clear whether expression or
enzymatic activity of the viral kinase was important for infection of germinal center B
cells that host the largest proportion of latent MHV68 during the early stage of chronic
infection. Thus, the frequency of MHV68 DNA-positive cells was measured in sorted
germinal center or marginal-zone B cells, with the latter population representing
another relevant reservoir of latent virus during the establishment of viral latency (31,
32). In these studies, only mice infected with a high virus dose (104 PFU) were analyzed
due to the significant attenuation of splenic infection following low-dose inoculation of
orf36 mutants (Fig. 1C).

The frequencies of MHV68 DNA-positive germinal center B cells were decreased in
mice infected with either orf36 mutant virus compared to levels with wild-type virus
(Fig. 3A) (7- to 11-fold). Consistent with germinal center B cells supporting a majority
of MHV68 latent reservoir at this time postinfection, the observed decrease in the
infection of germinal center B cells was proportional to the overall decrease in the
frequency of MHV68 DNA-positive total splenocytes in the absence of functional orf36
(Fig. 1A) (8- to 15-fold compared to the level for wild-type MHV68). Similar attenuated
frequency of infection of orf36 mutant viruses was also observed in sorted marginal
zone B cells (Fig. 3B). Thus, expression and enzymatic activity of orf36 facilitated
infection of germinal center and marginal zone B cells.

Viral protein kinase expression and enzymatic activity support gammaherpes-
virus-driven production of irrelevant but not virus-specific class-switched antibodies.
Having observed attenuated germinal center response in mice infected with orf36
MHV68 mutants, we next wanted to examine functional consequences of such atten-
uation. MHV68 infection is characterized by an increase in total immunoglobulin serum
titers that peak around 16 days postinfection (7). In contrast, generation of MHV68-
specific antibodies occurs with slower kinetics, with peak titers observed by 35 to
40 days postinfection; this protective virus-specific B cell response may be suppressed
by MHV68 (10–12). The difference between rapidly peaking total immunoglobulin
levels and a delayed increase of virus-specific antibodies reflects a robust, albeit
transient, rise in the titers of class-switched antibodies directed against irrelevant,
nonviral antigens, including multiple self-antigens (7).

Consistent with the fact that antibody isotype switching occurs during B cell
differentiation through the germinal centers, wild-type MHV68 infection increased
levels of total IgG in the serum, independent of the inoculation dose (Fig. 4A).
Consistent with the decreased germinal center responses (Fig. 2C and D), serum IgG
titers were attenuated in mice infected with either orf36 MHV68 mutant (Fig. 4A).
Similarly, a decreased germinal center response following intraperitoneal infection with
the 36KN mutant (Fig. 2H) correlated with decreased total IgG serum titers in 36KN-
infected mice (Fig. 4B). In contrast, total IgM levels were similar in all infected animals
(Fig. 4C). Thus, orf36 expression and enzymatic activity facilitated an increase in total
serum IgG but not IgM levels during infection.

Having observed a selective decrease in total serum IgG levels during orf36 mutant
infection, MHV68-specific antibodies were assessed next. Surprisingly, levels of accu-
mulated MHV68-specific IgG antibodies were similar in all infected mice (Fig. 4D). Levels
of MHV68-specific IgM were also not affected by the expression or enzymatic activity of
the viral kinase (Fig. 4E). Of note, the very low levels of infection in the spleens of mice
infected with 500 PFU of orf36 mutant viruses (Fig. 1C) did not affect the generation of
an MHV68-specific humoral response at 16 days postinfection (Fig. 4D and E). Thus,
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expression and enzymatic activity of viral protein kinase did not modify MHV68-specific
B cell responses.

MHV68 infection leads to a transient rise in the titers of irrelevant antibodies
directed against multiple self-antigens (8). Having observed similar MHV68-specific IgG
titers along with decreased total serum IgG levels in mice infected with orf36 mutant
viruses, we wanted to test the hypothesis that viral protein kinase selectively facilitates
irrelevant B cell differentiation. Due to what is presumed to be random differentiation
of bystander B cells, antibodies of many specificities can be produced, making the
examination of this irrelevant response challenging. However, antibodies with speci-
ficity against double-stranded DNA (dsDNA) are induced in a significant proportion of
MHV68-infected mice and have been successfully used to assess irrelevant B cell
differentiation during infection (7, 8). As expected, the titers of anti-dsDNA antibodies
increased following low-dose infection with wild-type MHV68 (Fig. 4F). However, titers
of these antibodies were not induced in mice infected with either orf36 MHV68 mutant
(Fig. 4F). Similar phenotypes were found following high-dose infection (data not
shown). Thus, orf36 expression promoted the generation of autoreactive anti-dsDNA
antibodies.

To measure irrelevant B cell differentiation in a more comprehensive manner, mouse
serum collected at 16 days postinfection with a high dose of all three viruses was used
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FIG 4 Viral protein kinase expression and enzymatic activity selectively facilitate gammaherpesvirus-driven production of irrelevant class-switched antibodies.
BL6 mice were intranasally (A and C to H) or intraperitoneally (B) infected as described in the legend of Fig. 1 with the indicated doses of viruses, and serum
was collected at 16 days postinfection. Sera were subjected to ELISA (A to F) as indicated or ANA analyses (G) using anti-mouse IgG fluorophore-conjugated
antibody (H) Quantification of fluorescence levels of ANA slides. Data were pooled for 3 to 5 animals in each group. In panels A to E, each symbol represents
an individual animal. *, P � 0.05.

Darrah et al. Journal of Virology

April 2019 Volume 93 Issue 8 e01760-18 jvi.asm.org 8

https://jvi.asm.org


to react with monolayers of Hep-2 cells, using a modified clinical assay employed for
diagnosis of autoimmune diseases (antinuclear antibody [ANA] panel). Consistent with
previous studies (8), sera harvested from wild-type virus-infected mice generated a
significantly higher fluorescence signal than control sera from uninfected animals (Fig.
4G and H), revealing the generation of polyclonal class-switched antibodies against
multiple self-antigens. In contrast, a significantly lower fluorescence signal was gener-
ated when Hep-2 cells were exposed to sera collected from mice infected with either
orf36 mutant virus and probed for mouse IgG binding (Fig. 4G and H). Thus, expression
and enzymatic activity of viral protein kinase facilitated the generation of irrelevant
class-switched polyclonal antibodies directed against self-antigens, with very little if any
effect on the protective virus-specific B cell responses.

IL-1 signaling supports MHV68 reactivation during the establishment of chronic
infection. Having observed decreased germinal center responses in mice infected with
the orf36 mutant viruses, we next wanted to probe the mechanism underlying the
orf36-dependent phenotypes. One possibility was that orf36 functions in cis to directly
promote expansion and/or survival of infected germinal center B cells. However, given
that the majority of gammaherpesvirus-driven germinal center B cells are virus nega-
tive, even following wild-type MHV68 infection (Fig. 3A), and that the cytokine milieu
is known to shape humoral responses, including antibody isotype and diversity of
antigen recognition, we reasoned that a soluble factor might contribute to the irrele-
vant B cell differentiation seen during gammaherpesvirus infection. To determine the
extent to which orf36 expression and enzymatic activity modify the systemic cytokine
milieu during infection, sera from mice infected with 104 PFU of either wild-type MHV68
or the N36S or 36KN virus mutant was screened for differential expression of cytokines
and chemokines. Of the 31 cytokines and chemokines tested, IL-1� was the only analyte
that was differentially expressed to higher levels in the serum of orf36 mutant-infected
mice (Fig. 5A). In contrast, levels of IL-1�, a related cytokine that shares the receptor
with IL-1�, were at or below the level of detection under all experimental conditions
(data not shown). Other measured cytokines were either not induced by infection or
were similarly increased in all infected groups, the latter exemplified by gamma
interferon (IFN-�) levels (Fig. 5B).

A ubiquitously expressed IL-1 receptor 1 (IL-1R1) binds both IL-1� and IL-1� and is
required for signaling mediated by these two cytokines (33). Consistent with very low
to undetectable levels of IL-1� observed in sera of infected mice in our screen, MHV68
opposes production of IL-1� in vitro, and chronic MHV68 infection is not affected by the
genetic deficiency of caspase-1 required to generate active IL-1�, but not IL-1� (34).
Thus, to test the relevance of elevated IL-1� levels observed in orf36 mutant-infected
mice, parameters of latent MHV68 infection were examined in mice genetically defi-
cient in IL-1R1 (33). IL-1R1 deficiency resulted in a significant decrease in reactivation of
wild-type MHV68 (Fig. 5C). Intriguingly, the frequency of wild-type MHV68 DNA-positive
splenocytes was not affected by IL-1R1 expression (Fig. 5D). In contrast, low frequency
of N36S mutant reactivation was not further affected in IL-1R1�/� mice (Fig. 5C),
whereas the frequency of latently infected splenocytes was further reduced in the
absence of IL-1R1 (Fig. 5D). Thus, IL-1 signaling supported MHV68 reactivation during
the establishment of chronic infection.

IL-1R1 signaling selectively supports gammaherpesvirus-induced germinal center
response. Having assessed MHV68 latency in IL-1R1�/� mice, B cell responses were
examined next. The magnitude of germinal center B cell expansion in BL6 mice eclipsed
that of IL-1R1�/� mice in both the frequency and absolute number following infection
with wild-type MHV68 (Fig. 6A to C). In contrast to that observed for wild-type MHV68,
germinal center B cell expansion was equally attenuated following infection of BL6 and
IL-1R1�/� mice with the N36S MHV68 mutant virus (Fig. 6B and C). Consistent with
attenuated abundance of germinal center B cells, the frequency and absolute number
of T follicular helper cells were decreased in IL-1R1�/� mice compared to the levels in
BL6 mice infected with wild-type MHV68 (Fig. 6D and E). In contrast, the frequency and
absolute numbers of marginal zone B cells were similar in BL6 and IL-1R1�/� mice
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following wild-type MHV68 infection (Fig. 6F; also data not shown), consistent with the
unique, germinal center-independent differentiation of marginal zone B cells.

Interestingly, germinal center B cell responses were similar in BL6 and IL-1R1�/�

mice infected with lymphocytic choriomeningitis virus (LCMV), an unrelated RNA virus
(Fig. 6G and H), indicating that the role of IL-1 signaling in driving germinal center
responses is selectively important during gammaherpesvirus infection. In summary,
IL-1R1 signaling selectively promoted germinal center responses induced by wild-type
MHV68 but not by an unrelated RNA virus. IL-1R1 signaling also had no effect on the
low levels of germinal center B cells induced by infection with the N36S mutant.

IL-1R1 expression supports self-antigen-directed and MHV68- and LCMV-specific
class-switched B cell responses during early gammaherpesvirus latency. Having ob-
served decreased germinal center responses in IL-1R1�/� mice infected with wild-type
MHV68, we next determined the outcome of such cellular differences by measuring
immunoglobulin levels and specificity. Interestingly, total serum IgG levels were not
affected by IL-1R1 expression in wild-type MHV68-infected mice (Fig. 7A), in spite of
decreased germinal center responses that normally support antibody isotype switch-
ing. As expected, based on the similarly low magnitudes of germinal center responses,
serum IgG levels were the same in BL6 and IL-1R1�/� mice infected with the N36S
mutant (Fig. 7A).

Subsequently, the humoral response was analyzed with respect to MHV68 specific-
ity. Interestingly, titers of MHV68-specific class-switched antibodies were decreased in
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IL-1R1�/� mice irrespective of the orf36 status of MHV68 infection (Fig. 7B). These
decreased virus-specific antibody responses did not result in increased levels of latency
or reactivation of MHV68 infection in IL-1R1�/� mice (Fig. 5C and D), consistent with
the dispensable nature of MHV68-specific antibody in the control of chronic infection
in an immunocompetent host (35).

Having observed decreased titers of MHV68-specific IgG antibodies in IL-1R1�/�

mice, we next wanted to determine whether this phenotype is selective for gamma-
herpesvirus infection as generation of influenza virus-specific class-switched antibodies
occurs independently of IL-1 signaling (36). Intriguingly, IgG responses against LCMV
were also decreased in IL-1R1�/� mice (Fig. 7D). However, in contrast to what we
observed in MHV68-infected mice, IL-1R1�/� mice infected with LCMV had decreased
total IgG levels compared to levels in infected BL6 mice (Fig. 7C).

Finally, generation of polyclonal antibodies against self-antigens was assessed in BL6
and IL-1R1�/� mice following wild-type MHV68 or N36S mutant infection. Levels of
self-directed class-switched antibodies were decreased in IL-1R1�/� mice compared to
those in BL6 mice following infection with wild-type MHV68 (Fig. 7E and F). In contrast,
IL-1R1 deficiency had no effect on the lower levels of self-directed antibodies induced
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in N36S-infected mice. The robust induction of self-directed antibodies seen following
wild-type MHV68 infection of BL6 mice (10- to 15-fold) was not recapitulated by LCMV
infection, where the class-switched self-directed antibodies were induced, at best,
2.5-fold (Fig. 7G). However, IL-1 signaling did contribute to the generation of low levels
of class-switched self-directed antibodies both at baseline and following LCMV infec-
tion (Fig. 7G). In summary, in contrast to that observed for influenza virus infection,
signaling through IL-1R1 facilitated generation of both virus-specific and self-directed
class-switched antibodies in the context of MHV68 and LCMV infections.

DISCUSSION

The MHV68-encoded orf36 belongs to a family of conserved gammaherpesvirus
protein kinases, biology of which remains poorly understood in the context of chronic
infection. In this study, we found that both expression and enzymatic activity of MHV68
protein kinase facilitate the germinal center and the irrelevant B cell response during
early phases of chronic gammaherpesvirus infection. We have taken advantage of viral
genetics to demonstrate that generation of the protective antiviral humoral response
and of irrelevant, virus-nonspecific B cell differentiation are two separate processes,
with the viral protein kinase selectively important for the latter. We also found that IL-1
receptor signaling is proviral in the context of gammaherpesvirus infection and facili-
tates generation of germinal center responses and virus-specific responses along with
irrelevant class-switched humoral responses.

Germinal center B cells are believed to be the target of malignant transformation for
many types of EBV-induced lymphomas (19). Considering our discovery that the
conserved gammaherpesvirus protein kinase facilitates germinal center responses dur-
ing early infection, it is tempting to speculate that the gammaherpesvirus protein
kinase may also contribute to viral lymphomagenesis. Indeed, an elegant study by
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Anders et al. convincingly demonstrated that expression of a related protein kinase
encoded by human Kaposi’s sarcoma-associated herpesvirus (KSHV) is sufficient to
induce B cell lymphomas in transgenic animals (37). Importantly, KSHV protein kinase
transgenic mice displayed elevated numbers of germinal center B cells and developed
viral protein kinase-positive B cell lymphomas that were of germinal center or post-
germinal center origin. Thus, our and the published study suggest that the ability of
gammaherpesvirus protein kinases to facilitate germinal center responses that even-
tually lead to viral lymphomagenesis is a feature that is conserved across species.

How does gammaherpesvirus protein kinase facilitate an irrelevant B cell
response? All gammaherpesviruses encode a protein kinase. A substantial body of
research demonstrated that multiple cellular and viral proteins can be phosphorylated
by these conserved kinases in vitro, with some overlap of substrates (24, 38–42). In
contrast, the role these viral kinases play in vivo along with the identity of kinase
substrates in distinct cell types remains enigmatic, in part due to the exquisite host
restriction of human gammaherpesviruses. Here, we demonstrate that MHV68 protein
kinase promotes irrelevant, but not virus-specific, humoral responses during the estab-
lishment of chronic infection.

A trivial explanation of the observed phenotypes is that decreased acute replication
of orf36 mutant viruses in vivo (24, 39) leads to attenuated levels of latent infection and,
subsequently, a subdued germinal center response of the host. While attenuated
infection is a plausible mechanism underlying the observed orf36 phenotypes, we
believe that it is not the only mechanism at play. First, increasing the virus inoculum
20-fold resulted in an increase in germinal center responses in wild-type MHV68-
infected but not orf36 mutant-infected mice (Fig. 2B and C), in spite of profound
differences in the abilities of orf36 mutants to colonize the spleen under the low- and
high-inoculum conditions (Fig. 1A and C). Second, generation of MHV68-specific anti-
bodies was not attenuated in the absence of orf36 (Fig. 4D and E), supporting the idea
that physiological anti-MHV68 responses are regulated by mechanisms that are distinct
from those driving the irrelevant B cell differentiation. Third, we previously showed that
intraperitoneal inoculation of the 36KN mutant (104 PFU) results in a frequency of
MHV68 DNA-positive splenocytes similar to that following wild-type MHV68 inoculation
(25). In spite of similar latent loads in the spleen, both germinal center B cell responses
and total IgG levels were decreased in mice infected with the 36KN mutant (Fig. 2H and
4B), supporting the idea that attenuated infection is not the only mechanism under-
lying effects of orf36 on the gammaherpesvirus-driven germinal center response.
Finally, a linear relationship between gammaherpesvirus latency parameters and host
responses is not likely to be a universal feature as attenuated wild-type MHV68 latency
observed in mice with B cell-specific STAT3 deficiency had no effect on the magnitude
of germinal center response (43). Similarly, attenuated splenic latency of the M2-
deficient MHV68 mutant did not translate into the attenuation of the germinal center
response following high-dose inoculation (44, 45).

Gammaherpesvirus protein kinase is traditionally thought of as a lytic protein that
ought not to be expressed during latent infection. However, many gammaherpesvirus
genes are expressed during both lytic and latent infection; thus, the kinase may also be
selectively expressed in a subpopulation of latently infected cells, including germinal
center B cells. In fact, transcription from the MHV68 orf6 locus that encodes a single-
stranded DNA binding protein critical for lytic viral DNA replication was demonstrated
in germinal center B cells of infected animals, despite the latent nature of viral infection
in this cellular population (32). However, the specific presence of orf6 mRNA remains to
be confirmed as the analyses of the published study did not use a strand-specific
approach. Interestingly, EBV lytic genes are important for EBV-dependent transforma-
tion in humanized mouse models that develop latently infected lymphomas (46);
however, expression of EBV protein kinase has not been assessed in infected and/or
malignant B cells from humanized mice. It is possible that the traditional, tissue
culture-based classification of latent versus lytic gammaherpesvirus genes may be too
inflexible to reflect the roles of these genes during in vivo infection.
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To consider potential molecular mechanisms underlying the phenotypes observed
in this study, we turned our attention to orf36 targets that operate in infected primary
cells and affect viral replication. We showed that ataxia telangiectasia mutated (ATM)
kinase was required to amplify serine 139 phosphorylation of H2AX by MHV68 orf36
and that ATM expression facilitated replication of wild-type but not orf36-deficient
MHV68 in primary macrophages (39). This proviral effect of ATM expression is entirely
due to the ability of ATM to attenuate type I IFN signaling and not to its role in the DNA
damage response (47). Importantly, germinal center responses were equivalently in-
duced in control and ATM�/� mice (data not shown), indicating that activation of ATM
by orf36 is not involved in the phenotypes observed in the current study.

Hwang et al. demonstrated that orf36 can target IRF-3 to attenuate type I IFN
signaling and the partial rescue of orf36 mutant MHV68 in IFNAR�/� mice (24). This
orf36-mediated attenuation of type I IFN is likely to feed into the orf36 –IL-1 cross talk,
as type I IFN opposes IL-1 signaling by increasing expression of the IL-1 receptor
antagonist (IL-1Ra) (48, 49) and intracellular SOCS3 (suppressor of cytokine signaling 30)
(50). IL-1Ra is a secreted decoy receptor that binds IL-1 and prevents its interaction with
the cell surface-associated signaling receptor. Similarly, an IFN-dependent increase in
SOCS3 results in the dissociation of the TRAF6/TAK1 complex that mediates IL-1
receptor signaling (50). Thus, it is possible that increased type I IFN expression and/or
signaling in mice infected with the orf36 mutant viruses may be, along with other
mechanisms, attenuating IL-1 signaling.

How does IL-1 signaling regulate the B cell response and promote gammaher-
pesvirus infection? IL-1� serum levels were selectively increased in mice infected with
either the N36S or 36KN mutant compared to levels with wild-type MHV68 infection
(Fig. 5A). Further, IL-1R1 deficiency led to attenuation of the gammaherpesvirus-
induced germinal center response (Fig. 6B and D) and viral reactivation (Fig. 5C),
indicating that IL-1 signaling plays a proviral role during MHV68 infection. IL-1R1 binds
IL-1� or IL-1� to initiate signaling. Inflammasome assembly and subsequent caspase 1
activation play a critical role in the generation of active IL-1� but not IL-1�. MHV68
infection inhibits generation of active IL-1�; further, lack of caspase 1 expression has no
effect on MHV68 replication in primary macrophage cultures or chronic infection in vivo
(34). Accordingly, in our study, IL-1� levels were at or below baseline levels in BL6 mice
infected with wild-type MHV68 or either orf36 mutant virus (data not shown). Collec-
tively, this suggests that IL-1�-mediated signaling is not likely to be responsible for
phenotypes we have observed in IL-1R1�/� mice. IL-1� is distinct from IL-1� as it is
constitutively expressed by hematopoietic and some nonhematopoietic cells and can
act as an alarmin following cell lysis without further processing (51, 52). Interestingly,
B cells and monocytes are unique in having the ability to display active IL-1� on the cell
surface without cell lysis (53). The relative contribution of IL-1� versus that of IL-1� to
the observed phenotypes remains to be defined in the future studies.

The contribution of IL-1R1 signaling to antibody responses remains contentious.
Naive IL-1R1�/� mice (on a mixed BL6/129 background) displayed normal immuno-
globulin levels at baseline and responded to 2,4-dinitrophenol (DNP)-Ficoll or
trinitrophenyl-keyhole limpet hemocyanin (TNP-KLH) immunization with antibody titers
that were similar to those observed in control mice (33). Similarly, influenza virus
infection of IL-1R1�/� mice (on a BL6 background) resulted in titers of influenza
virus-specific IgG antibodies comparable to those of BL6 mice (36). In contrast, com-
bined deficiency of IL-1� and IL-1� (on a BALB/c background) reduced antibody
production in response to sheep red blood cell immunization due to an �2-fold
decrease in the expression of CD40L on T cells (54). Further, IL-1� and an intact
inflammasome supported the generation of optimal antibody responses against live,
but not heat-killed, bacteria (55). In our study, IL-1R1 deficiency (on the BL6 back-
ground) attenuated generation of MHV68-specific antibodies regardless of viral kinase
expression (Fig. 7B) and, intriguingly, also resulted in decreased levels of LCMV-specific
IgG responses (Fig. 7D). These findings suggest that either IL-1 signaling is also proviral
during LCMV infection (an unlikely hypothesis considering uncontrolled LCMV infection
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in mice lacking MyD88 [56], an adaptor protein downstream of several receptors,
including IL-1R1) or that humoral responses against MHV68 and LCMV are generated
via a similar mechanism that is distinct from that utilized to generate anti-influenza
virus antibodies.

Intriguingly, we observed similar total IgG serum titers in BL6 and IL-1R1�/� mice
following wild-type MHV68 infection in spite of decreased germinal center B cells and
virus-specific and self-directed antibodies. It is possible that the antibodies produced in
the absence of IL-1 receptor either had very low affinity for the antigens we tested or
had specificity for self-antigens and/or viral antigens that were not present in our
assays. An alternative, nonexclusive hypothesis is that IL-1 signaling may also restrict
germinal center response-independent class switching in MHV68-infected mice that
can be initiated via several mechanisms, including changes in the cytokine milieu.

In contrast, total IgG titers were decreased in LCMV-infected IL-1R1�/� mice
(Fig. 7C), in spite of equivalent germinal center responses. This was likely a reflection of
a significant decrease in LCMV-specific IgG antibody titers (Fig. 7D) as self-directed
antibody responses were minimally induced in LCMV-infected animals and were,
therefore, unlikely to be a significant component of the total IgG titers generated in the
LCMV-infected mice. Thus, in spite of some similarities of B cell phenotypes observed
following MHV68 and LCMV infection of IL-1R1�/� mice, it is also clear that
gammaherpesvirus-induced germinal center and humoral responses are qualitatively
and quantitatively distinct from the physiological response to other viral infections.
Given the germinal center or post-germinal center stage of differentiation of many EBV
B cell lymphomas (19), identification of the mechanisms underlying the unique features
of the gammaherpesvirus-driven germinal center response is an important goal.

MATERIALS AND METHODS
Mice and infections. All mice were housed and bred in a specific-pathogen-free barrier facility in

accordance with federal and institutional guidelines. All experimental manipulations of mice were
approved by the Institutional Animal Care and Use Committee of the Medical College of Wisconsin
(AUA971). C57BL/6J (designated BL6 throughout the manuscript) and IL-1R1�/�mice were originally
obtained from Jackson Laboratories (Bar Harbor, ME). Virus stocks were prepared, and titers were
determined on NIH 3T12 cells. N36S, 36KN, and the parental control virus retaining a single LoxP site
(referred to as wild type) were previously described (24). Infections were performed by intranasal
inoculation of 3 to 5 mice per group at 6 to 7 weeks of age under light anesthesia. Mice were inoculated
with 500 or 104 PFU of corresponding virus or sterile carrier (mock) in an inoculum volume of 15 �l per
mouse. Virus was diluted in sterile serum-free Dulbecco’s modified Eagle’s medium (Corning, Tewksbury,
MA). For LCMV infections, BL6 or IL-1R1�/� mice were intraperitoneally infected with 2 � 105 PFU of
LCMV Armstrong. The virus was prepared by a single passage on BHK21 cells, and viral titer was
determined by plaque assay on Vero cells.

Limiting dilution assays. Splenocytes harvested at 16 or 42 days postinfection were pooled within
each experimental group and subjected to limiting dilution reactivation and nested PCR assays as
previously described (25). To determine the frequency of cells reactivating virus ex vivo, serial 2-fold
dilutions of splenocyte suspensions harvested from infected mice were plated onto monolayers of
mouse embryonic fibroblasts (MEFs) at 24 replicates per dilution. In order to control for any preformed
infectious virus, 2-fold serial dilutions of mechanically disrupted splenocytes or peritoneal cells were
plated as described above. Cytopathic effect (CPE) was scored at 21 days postplating. Similarly, to
determine the frequency of MHV68 DNA-positive (latently infected) splenocytes, serial dilutions of
pooled splenocytes were subjected to two rounds of nested PCR with MHV68-specific primers. For some
analyses, splenocytes were first sorted into populations of interest, and sorted cells were subjected to
limiting dilution PCR assays to quantify the frequency of infected cells.

Flow cytometry. Single-cell suspensions prepared from individual spleens were resuspended in
fluorescence-activated cell sorting (FACS) buffer (phosphate-buffered saline [PBS] plus 2% fetal calf
serum [FCS] and 0.05% sodium azide) at 1 � 107 cells/ml. A total of 1 � 106 cells were prestained with
Fc block (24G2) and then incubated with an optimal amount of antibody conjugate (eFluor450,
fluorescein isothiocyanate [FITC], r-phycoerythrin [PE], PE-Cy7, or allophycocyanin [APC]). Antibodies to
the following molecules were purchased from BioLegend (San Diego, CA): Pacific Blue B220/CD45R
(RA3-6B2), FITC GL7, and PE CD95. To stain for T follicular helper cells, a triple amplification stain was
employed for CXCR5 detection. Prior to staining, single-cell suspensions were incubated with Fc block as
described above. The first antibody treatment was an optimized concentration of rat anti-mouse CXCR5
antibody which was diluted in FACS buffer supplemented with 2% normal mouse serum. Following
washing, the cells were incubated with a biotin-conjugated goat anti-rat antibody to amplify the signal.
In the final step, cells were incubated with an APC-streptavidin conjugate and additional antibodies in
the staining panel (Pacific Blue CD3, PE-Cy7 CD4, and FITC PD1). Antibodies were purchased from the
following companies: BioLegend (San, Diego, CA), Pacific Blue CD3 and APC-streptavidin; eBioscience
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(San Diego, CA), PE-Cy7 CD4 and FITC PD1; BD Bioscience (San Jose, CA), rat anti-mouse CXCR5; Jackson
Immunoresearch (West Grove, PA), biotin SP Affinipure goat anti-rat IgG(H�L).

Cell sorting. Single-cell suspensions of splenocytes were prepared and prestained with Fc block
(24G2) as described for flow cytometry. Antibodies used to distinguish germinal center B cells were the
following: Pacific Blue B220/CD45R (RA3-6B2), FITC GL7, and PE CD95 (BioLegend, San Diego, CA).
Antibodies used to distinguish marginal zone B cells were PE B220/CD45R (RA3-6B2), PE-Cy7 CD23
(B3B4), and Pacific Blue CD21 (7E9) (BioLegend, San Diego, CA). Sorting was performed on a BD FACSAria
III cell sorter (BD Biosciences, San Jose, CA).

ELISA. Total and MHV68-specific immunoglobulin levels were determined as previously described
(57, 58). For LCMV-specific enzyme-linked immunosorbent assay (ELISA), LCMV lysate was created by
infecting BHK cells at a multiplicity of infection (MOI) of 0.5 of LCMV clone 13. Following the appearance
of CPE at 4 days postinfection, cells were sonicated, and the lysates were stored at �80˚C. ELISA plates
were coated with 100 �l of LCMV lysate diluted 1:100 in ELISA coating buffer (BioLegend, San Diego, CA)
overnight at 4°C. Following coating with LCMV lysate, the ELISA protocol followed the same steps as
those described for the MHV68 ELISA (57, 58).

ANA panels. An antinuclear antibody (ANA) test kit was purchased from Antibodies Incorporated
(Davis, CA), and serum was quantitatively analyzed according to the manufacturer’s protocol. Diluted
serum (1:40 in PBS) was incubated over slides coated with fixed HEp-2 cells. Slides were rinsed with PBS,
followed by staining with anti-mouse IgG(H�L) Alexa Fluor-488 (ThermoScientific). Fluorescent images
were captured using NIS Elements software. Corrected fluorescence was quantified using ImageJ
software from a randomly chosen field of �20 cells in each sample.

Histology and immunohistochemistry. Paraffin-embedded, hematoxylin- and eosin-stained 5-�m
sections of mouse organs were prepared by the Children’s Research Institute Histology Core Lab.
Immunohistochemistry was performed as previously described (15). Follicular hyperplasia was defined as
the presence of frequent secondary follicles with prominent germinal centers and otherwise normal
histologic features. Germinal centers were counted within a 10� objective field, and an average of 4 to
5 fields was reported.

Serum cytokine/chemokine screen. Serum was collected from mock-treated or infected mice at
16 days postinfection and subjected to a 31-plex Mouse Cytokine Array/Chemokine Array (MD31) by Eve
Technologies (Calgary, AB, Canada). The analyzed biomarkers included the following: eotaxin, granulo-
cyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF),
IFN-�, IL-1�, IL-1�, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17A,
IP-10, keratinocyte-derived chemokine (KC), LIF, LIX, monocyte chemoattractant protein 1 (MCP-1),
macrophage colony-stimulating factor (M-CSF), MIG, macrophage inflammatory protein 1� (MIP-1�),
MIP-1�, MIP-2, RANTES, tumor necrosis factor alpha (TNF-�), and vascular endothelial growth factor
(VEGF).

Statistical analyses. All statistical analyses were performed using GraphPad Prism software (San
Diego, CA). Student’s t test or nonparametric analyses were used based on data distribution.
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