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ABSTRACT Gammaherpesviruses are ubiquitous pathogens that establish lifelong in-
fections in the majority of adults worldwide. Chronic gammaherpesvirus infection has
been implicated in both lymphomagenesis and, somewhat controversially, autoimmune
disease development. Pathogenesis is largely associated with the unique ability of gam-
maherpesviruses to usurp B cell differentiation, specifically, the germinal center re-
sponse, to establish long-term latency in memory B cells. The host tyrosine phosphatase
SHP1 is known as a brake on immune cell activation and is downregulated in several
gammaherpesvirus-driven malignancies. However, here we demonstrate that B cell- but
not T cell-intrinsic SHP1 expression supports the gammaherpesvirus-driven germinal
center response and the establishment of viral latency. Furthermore, B cell-intrinsic SHP1
deficiency cooperated with gammaherpesvirus infection to increase the levels of double-
stranded DNA-reactive antibodies at the peak of viral latency. Thus, in spite of decreased
SHP1 levels in gammaherpesvirus-driven B cell lymphomas, B cell-intrinsic SHP1 expres-
sion plays a proviral role during the establishment of chronic infection, suggesting that
the gammaherpesvirus-SHP1 interaction is more nuanced and is modified by the stage
of infection and pathogenesis.

IMPORTANCE Gammaherpesviruses establish lifelong infection in a majority of
adults worldwide and are associated with a number of malignancies, including B cell
lymphomas. These viruses infect naive B cells and manipulate B cell differentiation
to achieve a lifelong infection of memory B cells. The germinal center stage of B cell
differentiation is important as both an amplifier of the viral latent reservoir and the
target of malignant transformation. In this study, we demonstrate that expression of
tyrosine phosphatase SHP1, a negative regulator that normally limits the activation
and proliferation of hematopoietic cells, enhances the gammaherpesvirus-driven ger-
minal center response and the establishment of chronic infection. The results of this
study uncover an intriguing beneficial interaction between gammaherpesviruses that
are presumed to profit from B cell activation and a cellular phosphatase that is tradi-
tionally perceived to be a negative regulator of the same processes.
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Gammaherpesviruses are ubiquitous pathogens that establish lifelong infections in
the majority of adults worldwide. Epstein-Barr virus (EBV) and Kaposi’s sarcoma-

associated herpesvirus (KSHV) are two known human gammaherpesviruses that are
associated with several cancers, including B cell lymphomas (1, 2). Although more
controversial, gammaherpesvirus infection also likely contributes to select autoimmune
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diseases (3–5). Long-term gammaherpesvirus latency is maintained in memory B cells,
which presents a logistical challenge early in infection, as memory B cells represent a
very small proportion of the overall B cell population. Thus, unlike other viruses that
only transiently infect B cells, if they infect them at all, gammaherpesvirus chronic
infection and viral pathogenesis are intimately tied to the unique ability of gamma-
herpesviruses to manipulate the differentiation of infected B cells in order to establish
long-term latency. Specifically, EBV and murine gammaherpesvirus 68 (MHV68) infect
highly abundant naive B cells, with the subsequent progression of infected and
bystander B cells to the germinal center stage of differentiation (6–10). While in the
germinal center, latent virus achieves an exponential expansion of its reservoir via the
rapid proliferation of infected germinal center B cells. Importantly, germinal center B
cells are thought to be the target of viral transformation, as a majority of EBV-positive
B cell lymphomas are of germinal center or post-germinal center origin (11, 12).
Following further differentiation, gammaherpesvirus-infected germinal center B cells
transition to memory B cells that support lifelong latent infection or plasma cells, where
the latent-to-lytic switch occurs (13–15).

Importantly, the gammaherpesvirus-induced germinal center responses are qualitatively
distinct from the physiological B cell differentiation induced during other virus infections. While
MHV68-specific class-switched antibody titers rise slowly and do not peak until at least a month
after infection, both MHV68 and EBV induce a robust increase in antibodies directed against
self-antigens and antigens of other species early in chronic infection (16, 17). The level to which
autoantibodies are induced is significantly higher during gammaherpesvirus infection than
during infections with other viruses (18). This induction of irrelevant, virus-nonspecific antibodies
during gammaherpesvirus infection is taken advantage of in the clinic, where the detection of
high titers of antibodies against horse red blood cells serves as a diagnostic of a recent EBV
infection (19). Induction of irrelevant B cell differentiation is likely of benefit for gammaherpes-
viruses, as viral latency and reactivation predominantly occur in B cells that do not encode a
gammaherpesvirus-specific B cell receptor (BCR) (20, 21). While the host and viral mechanisms
underlying gammaherpesvirus-induced irrelevant B cell differentiation are poorly understood,
these may promote lymphomagenesis or the development of autoimmune disease in a
susceptible host.

Not surprisingly, given the intimate relationship between gammaherpesviruses and
B cell differentiation, the activation of naive B cells is important for the establishment
of latent infection. In an elegant study from the Speck group, infected cell-specific
attenuation of NF-�B signaling led to decreased B cell activation and attenuated
gammaherpesvirus latency (22, 23). Thus, we hypothesized that host factors that limit
B cell activation may also limit the gammaherpesvirus-driven germinal center response
and, by extension, viral pathogenesis.

SHP1 (encoded by PTPN6) is a tyrosine phosphatase that is primarily expressed in
hematopoietic cells and that negatively regulates immune cell activation (24, 25). In B
cells, SHP1 is a cytoplasmic protein that localizes to the B cell receptor (BCR) to
dephosphorylate several substrates, including Ig�-Ig� (CD79a/CD79b) subunits, Syk,
and BLNK, ultimately attenuating BCR-proximal signaling (reviewed in reference 26).
Intriguingly, B cell-specific SHP1 deficiency leads to the decreased maintenance of
germinal center responses following immunization (25). Because gammaherpesvirus-
driven B cell differentiation is qualitatively distinct from the physiological response, the
role of SHP1 during the establishment of gammaherpesvirus infection remained un-
clear. Consistent with the potential role of SHP1 as an antagonist of chronic gamma-
herpesvirus infection and pathogenesis, SHP1 expression is reduced in multiple EBV- or
KSHV-driven B cell lymphomas (27–30). Mice with global SHP1 deficiency present with
myeloid hyperproliferation and hypersensitive immune activation (31, 32). The wide-
spread immune dysfunction and mortality by 3 to 4 weeks of age make it difficult to
evaluate the role of SHP1 during gammaherpesvirus infection using the global defi-
ciency mouse model. To circumvent this limitation, this study utilized mouse models of
conditional SHP1 deficiency (33, 34).

In contrast to the predicted outcome, the establishment of chronic gammaherpes-
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virus infection was attenuated in mice with SHP1-deficient B cells, along with an
attenuated germinal center response, a stage of B cell differentiation critical for the
optimal establishment of latent infection. Interestingly, a T cell-specific deficiency of
SHP1 did not alter the gammaherpesvirus-driven germinal center response or the
establishment of chronic infection, indicating that it is the B cell-intrinsic SHP1 expres-
sion that functions in a proviral manner. Despite an attenuated germinal center
response, the levels of self-reactive antibodies were elevated at the baseline and further
exacerbated at the peak of gammaherpesvirus latency in mice with B cell-specific SHP1
deficiency. However, the levels of self-reactive antibodies were no longer increased
above those at the baseline in long-term-infected mice with SHP1-deficient B cells,
suggesting that the positive effect of gammaherpesvirus infection on the development
of autoimmunity may be temporally restricted by B cell-intrinsic SHP1 deficiency.

RESULTS
Loss of SHP1 expression in B cells leads to attenuated establishment of MHV68

chronic infection. Due to coevolution with their host, gammaherpesviruses are ex-
tremely species specific, which limits in vivo studies of human gammaherpesviruses.
Thus, the current study utilizes MHV68, a natural rodent pathogen that is genetically
and biologically similar to EBV and KSHV (35–37). After a brief acute lytic replication in
a naive host, MHV68 establishes latency in several organs, including the spleen (38, 39).
Viral latency in the spleen peaks at 14 to 18 days postinfection, with most of the latent
virus being present in the germinal center B cells (40, 41). To define the role of SHP1
in gammaherpesvirus infection while overcoming the deleterious effects of global SHP1
deficiency, a published mouse model of B cell-specific SHP1 deficiency was used (33).
To determine the effect of B cell-specific SHP1 deficiency on the establishment of
MHV68 latency, SHP1flox/flox (SHP1fl/fl) mice heterozygous for CD19 promoter-driven Cre
recombinase or homozygous for wild-type (wt) CD19 allele (referred to as CD19
Cre-positive and CD19 Cre-negative mice, respectively, throughout this article) were
infected with MHV68, and parameters of viral latency were determined at 16 days
postinfection.

In spite of the known role of SHP1 as a negative regulator of B cell activation, with
the latter supporting the establishment of chronic gammaherpesvirus infection, CD19
Cre-positive mice displayed a significantly lower frequency of MHV68 DNA-positive
splenocytes than CD19 Cre-negative mice (11-fold; Fig. 1A), along with a decrease in the
absolute number of MHV68 DNA-positive splenocytes (�7-fold; Fig. 1B). Similarly, the
frequency of ex vivo reactivation from CD19 Cre-positive splenocytes was decreased
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FIG 1 Loss of SHP1 expression in B cells leads to attenuated establishment of MHV68 chronic infection. CD19
Cre-negative or CD19 Cre-positive mice were intranasally infected with 500 PFU of MHV68, and splenocytes were
harvested at 16 days postinfection. As described in Materials and Methods, limiting dilution assays were used to
measure the frequency (A) and, subsequently, the absolute number (B) of MHV68 genome-positive splenocytes
and the frequency of viral reactivation (C). Splenocytes from 3 to 5 mice were pooled within an individual group
in each experiment, and data from at least 3 independent experiments were pooled. Error bars here and
throughout the figures represent the standard error of the measurement. The dashed lines in panels A and C are
drawn at 63% to define the frequency of a positive event. CPE, cytopathic effect.
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compared to that in the control group (Fig. 1C). Thus, B cell-specific SHP1 deficiency
resulted in the overall attenuation of MHV68 latency and reactivation.

B cell-intrinsic SHP1 expression supports the MHV68-driven germinal center
response. Gammaherpesviruses exploit B cell differentiation via latent infection of
naive B cells, with the subsequent entry of both infected and uninfected naive B cells
into the germinal center response. The rapid proliferation of germinal center B cells
passively expands the latent viral reservoir (8), such that the germinal center B cells host
a majority of latent MHV68 at 16 days postinfection. Having observed a decreased
frequency of MHV68 DNA-positive splenocytes, we next examined the germinal center
response. As previously published (33), B cell-specific SHP1 deficiency results in an
increase in the splenic B-1 B cell population that expresses intermediate levels of B220,
in contrast to classical splenic B-2 B cells, which are B220high. When the gating strategy
was adjusted to include intermediate B220 expression (Fig. 2A), the frequency of
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FIG 2 B cell-intrinsic SHP1 expression supports MHV68-driven germinal center response. Mice of the indicated genotypes were
infected as described in the legend to Fig. 1, and splenocytes were harvested at 16 days postinfection. (A to C) The surface expression
of B220 (a representative result is shown in panel A, including a gating strategy for B220� cells used throughout this study) was used
to identify the percentage of B cells (B) and the total number of B cells (C) per spleen. Germinal center B cells were identified by
positive surface staining of GL7 and CD95 of pregated, B220� splenocytes (a representative result is shown in panel D) and expressed
as the frequency (E) and absolute number (F) of B220� cells. The same analyses were used to determine the frequency (G) and
absolute number (H) of germinal center B cells at the indicated times postinfection. (B to F) Each symbol represents the results for
an individual spleen, and data from 2 to 4 independent experiments were pooled. (G, H) Each symbol represents the mean from 2
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splenic B cells was similar in all examined groups, regardless of infection or SHP1 status
(Fig. 2B). Further, the MHV68-induced increase in the absolute number of splenic B cells
was independent of SHP1 expression (Fig. 2C). In contrast to the overall splenic B cell
population, the frequency and absolute number of germinal center B cells were
significantly decreased in CD19 Cre-positive mice compared to CD19 Cre-negative mice
(Fig. 2D to F), consistent with the decrease in the MHV68 latent reservoir (Fig. 1A).

Because SHP1 is a negative regulator of B cell activation, it was possible that the
kinetics of the germinal center response were accelerated in CD19 Cre-positive mice,
with the response peaking before day 16. To define the kinetics of the germinal center
response, the frequency and absolute number of germinal center B cells were exam-
ined at several time points throughout the first 16 days of infection and at 42 days,
when long-term MHV68 infection is established. B cell-specific SHP1 deficiency did not
alter germinal center B cell kinetics following MHV68 infection (Fig. 2G and H), sup-
porting the conclusion that B cell-specific SHP1 deficiency attenuates the MHV68-
driven expansion of germinal center B cells.

Because CD19 is an important component of the B cell receptor complex and the
hemizygosity of wild-type CD19 in the CD19 Cre-positive mice, the effects of a potential
decrease in CD19 expression on the induction of the germinal center response were
explored. Importantly, the MHV68-driven induction of germinal center B cells was
similar in SHP1fl/wt mice that were either CD19 Cre positive or negative (see Fig. S1A
and B in the supplemental material), indicating that CD19 hemizygosity does not affect
the MHV68-driven germinal center response. Thus, the germinal center B cell pheno-
types observed in SHP1fl/fl CD19 Cre-positive mice can be attributed to the loss of SHP1
expression in B cells.

T cell-specific deficiency of SHP1 does not alter the germinal center response.
During the germinal center response, the expansion of germinal center B cells is
mediated via interaction with T follicular helper (TFH) cells (42), and both cell types
signal in a positive feedback to promote germinal center expansion (43). Similar to the
physiological response, the gammaherpesvirus-driven expansion of germinal center B
cells is critically dependent on TFH cell help (44, 45). Having observed decreased
germinal center B cells in MHV68-infected CD19 Cre-positive mice, TFH cells were
examined next. Surprisingly, the frequency and the absolute number of TFH cells were
significantly elevated in CD19 Cre-positive mice, such that the baseline levels matched
those observed in MHV68-infected control mice (Fig. 3A to C). The total number, but
not the frequency, of TFH cells was further increased following MHV68 infection of CD19
Cre-positive mice. Similar to the germinal center B cell phenotype, the increase in TFH

cells observed in CD19 Cre-positive mice was not a result of CD19 hemizygosity (Fig.
S1C and D). Thus, B cell-specific SHP1 deficiency resulted in a dysbalance between
germinal center B cells and TFH cells, a dysbalance that was exacerbated by MHV68
infection.

Given the importance of germinal center B cells and TFH cells for the establishment
of MHV68 latency and the surprising, opposite direction of the phenotypes in these two
immune populations observed in CD19 Cre-positive mice, the effect of T cell-specific
SHP1 deficiency was assessed. Shp1fl/fl mice heterozygous for distal Lck (dLck)
promoter-driven Cre recombinase or homozygous for the wild-type dLck allele (34)
(referred to as dLck Cre-positive and dLck Cre-negative mice, respectively) were in-
fected with MHV68 and assessed at 16 days postinfection.

Surprisingly, the baseline levels of TFH cells were similar in dLck Cre-positive and
Cre-negative mice and T cell-specific SHP1 deficiency had no effect on the MHV68-
driven induction of either TFH cells (Fig. 3D and E) or germinal center B cells (Fig. 3F and
G). Consistent with the lack of a germinal center phenotype, the frequencies of MHV68
DNA-positive splenocytes were similar in dLck Cre-positive and -negative mice (data
not shown). Thus, B cell-intrinsic but not T cell-intrinsic SHP1 expression facilitated the
gammaherpesvirus-driven germinal center response and the establishment of latent
infection.

SHP1 and Chronic Gammaherpesvirus Infection Journal of Virology

January 2020 Volume 94 Issue 1 e01232-19 jvi.asm.org 5

https://jvi.asm.org


B cell-intrinsic SHP1 expression limits both the proliferation and apoptosis of
germinal center B cells during MHV68 infection. The counterbalance of cellular
proliferation and apoptosis determines the magnitude of the germinal center response.
Having observed an increase in the TFH cell population with a concurrent decrease in
germinal center B cells in the CD19 Cre-positive mice, the proliferation and apoptosis
of the two populations were measured at 16 days postinfection. While more CD19
Cre-positive germinal center B cells than Cre-negative B cells were Ki67 positive (Fig. 4A),
there was also an increase in the frequency of germinal center B cells with active
caspase 3 in CD19 Cre-positive mice (Fig. 4B). In contrast, the proportion of either
Ki67-positive or active caspase 3-positive TFH cells was independent of the mouse CD19
Cre genotype (Fig. 4C and D). Thus, the increased proliferation of germinal center B cells
in the absence of SHP1 was coupled to increased apoptosis in this cell population,
affecting the magnitude of the germinal center B cell population.

Peak MHV68 latency exacerbates the production of self-reactive antibodies.
Germinal center B cells undergo class switching and differentiate into antibody-
secreting plasma cells. Along with slowly increasing titers of gammaherpesvirus-specific
antibodies, MHV68, like EBV, drives a robust, irrelevant B cell differentiation that results
in the peak titers of class-switched antibodies being directed against self-antigens at
16 days postinfection (17). Having observed the decreased induction of germinal center
B cells in CD19 Cre-positive mice, further B cell differentiation along with humoral
responses was examined next.

CD19 Cre-positive mice had an elevated frequency and an elevated number of
class-switched plasma cells at the baseline (Fig. 5A to C), consistent with the propensity
to develop autoimmune disease upon aging (33). As expected, MHV68 infection of
control, CD19 Cre-negative mice stimulated an increase in class-switched plasma cells.
In contrast, the abundance of class-switched plasma cells in MHV68-infected CD19
Cre-positive mice was similar to the already high abundance observed at the baseline.

Interestingly, in spite of the higher abundance of class-switched plasma cells both
at the baseline and following infection of CD19 Cre-positive mice, the total serum IgG
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levels were similar between the two CD19 Cre genotypes, including at the baseline and
at 16 days after MHV68 infection (Fig. 5D). Because gammaherpesvirus infection in-
duces a robust, albeit transient, increase in self-directed antibody titers, the levels of
class-switched antibodies directed against double-stranded DNA (dsDNA) were mea-
sured next. As expected, anti-dsDNA antibodies were induced by MHV68 infection in
control, CD19 Cre-negative mice (Fig. 5E and F). The baseline levels of anti-dsDNA
antibodies were elevated in CD19 Cre-positive mice (Fig. 5E), despite the relatively
young age of these mice (8 to 10 weeks) and consistent with a previously described
tendency of these mice to develop autoimmune disease (33). Interestingly, MHV68
infection produced a further increase in the titers of dsDNA-directed class-switched
antibodies in CD19 Cre-positive mice. Because double-stranded DNA represents one of
many self-antigens recognized by gammaherpesvirus-induced antibodies, a broader
analysis of self-directed responses was performed using an antinuclear antibody (ANA)
assay that detects class-switched antibodies reacting with monolayers of permeabilized
epithelial cells. As expected, MHV68 infection of control mice increased the levels of
self-reactive antibodies (Fig. 5G and H). Similar to what was observed for anti-dsDNA
antibodies, MHV68 infection of CD19 Cre-positive mice further increased the elevated
baseline levels of broadly self-reactive class-switched antibodies, suggesting that gam-
maherpesvirus infection may exacerbate the autoimmune predisposition of this mouse
strain.

Long-term MHV68 infection does not further elevate the production of self-
reactive antibodies in CD19 Cre-positive mice. The MHV68-driven germinal center
response and the generation of self-reactive antibodies peak at 16 days postinfection
and are subsequently attenuated via poorly understood mechanisms by the time that
long-term infection is reached (42 days postinfection). As expected, by 42 days after
MHV68 infection, CD19 Cre-negative mice demonstrated a significant contraction of
both the germinal center B cell and TFH cell populations (Fig. 6A to D). CD19 Cre-
positive MHV68-infected mice continued to demonstrate a decreased abundance of
germinal center B cells (Fig. 6A and B), although this trend did not reach statistical
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the legends to Fig. 2 and 3. Similarly, the levels of active caspase 3 were measured in germinal center
B cells (B) and T follicular helper cells (D). Each symbol represents the results for an individual spleen. The
levels of significance are indicated: **, P � 0.01; ****, P � 0.0001.
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significance at this time point. Intriguingly, the high baseline TFH cell population
observed in naive CD19 Cre-positive mice and at 16 days postinfection was completely
reversed by 42 days of MHV68 infection (Fig. 6C and D).

While MHV68 relies on the germinal center response to build up the peak latent
reservoir at 16 days postinfection, the maintenance of long-term, lower levels of viral
latency becomes more dependent on the infection of developing B cells in the bone
marrow (46). Consistent with this switch, the frequency of MHV68 DNA-positive spleno-
cytes was decreased compared to that observed at 16 days postinfection and was
similar in CD19 Cre-positive and -negative mice at 42 days postinfection (Fig. 6E).

Finally, given the exacerbated generation of dsDNA-reactive antibodies at 16 days
postinfection observed in CD19 Cre-positive mice, we wanted to test the hypothesis
that long-term gammaherpesvirus infection cooperates with B cell-intrinsic SHP1 defi-
ciency to enhance the generation of self-reactive antibodies, eventually accelerating
autoimmune disease in this susceptible host. However, the levels of total and anti-
dsDNA IgG antibodies were similar to the respective baseline levels in both CD19
Cre-negative and -positive mice (Fig. 6F and G). Thus, the generation of self-reactive
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antibodies exacerbated by B cell-intrinsic SHP1 deficiency was no longer observed
during long-term MHV68 infection.

DISCUSSION

Gammaherpesviruses have a unique relationship with B cells: not only do they infect
B cells, but they also usurp B cell differentiation to establish lifelong infection and, in
a susceptible host, promote B cell malignancies and autoimmune disease. Identification
of the cellular and molecular mechanisms that modify chronic gammaherpesvirus
infection and pathogenesis remains challenging due to the exquisite species specificity
of human gammaherpesviruses. In this study, we used mice infected with MHV68, a
robust animal model of gammaherpesvirus infection and pathogenesis, to demonstrate
that B cell- but not T cell-intrinsic SHP1 expression facilitates the gammaherpesvirus-
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driven germinal center response and the establishment of peak viral latency. SHP1 is a
tyrosine phosphatase that attenuates B cell activation and proliferation. Correspond-
ingly, SHP1 expression is significantly decreased in EBV- or KSHV-positive B cell lym-
phomas, including Burkitt’s lymphoma, diffuse large B cell lymphoma, monomorphic
posttransplant lymphoproliferative disease, and primary effusion lymphoma (27–30).
Intriguingly, the SHP1 protein is readily detectable in B cells transformed by EBV in vitro
(29). These studies and our results suggest that the interaction between gammaher-
pesviruses and host SHP1 is much more nuanced than anticipated and that targeting
SHP1 may have opposite effects, depending on the stage of virus infection and
pathogenesis.

While the association between gammaherpesvirus infection and lymphomagenesis is
well established, the connection between infection and autoimmunity is more controversial
due to the heterogeneous nature of the latter disease and the high seroprevalence of EBV.
However, the emerging consensus is that gammaherpesvirus infection may cooperate with
the genetic or environmental susceptibility of the host to promote autoimmunity. We
observed that MHV68 infection further enhanced the generation of class-switched anti-
dsDNA and pan-self-reactive antibodies in autoimmunity-prone CD19 Cre-positive mice at
the peak of viral latency (Fig. 5E to H). Unexpectedly, this cooperation between MHV68
infection and B cell-specific SHP1 deficiency was no longer observed by 42 days postinfec-
tion (Fig. 6G). A potential explanation for the temporally limited effect of MHV68 infection
is offered by a report where SHP1 depletion in class-switched B cells led to a significant
decrease in the abundance of long-lived, bone marrow-resident plasma cells (47). Addi-
tionally, the increased vulnerability of SHP1-depleted germinal center B cells to cell death
may also explain why long-term MHV68 infection did not continue to exacerbate the
already elevated production of dsDNA-targeted antibodies in CD19 Cre-positive mice.
Because significant aging (8 months) is required to generate autoimmune disease in CD19
Cre-positive mice (33), examining additional time points beyond the first 6 weeks of MHV68
infection could offer an interesting insight into the potential of lifelong gammaherpesvirus
infection to affect autoimmune disease in this susceptible host.

Our studies indicate that in spite of the decreased SHP1 expression observed in
several gammaherpesvirus-driven B cell malignancies, in the context of natural infec-
tion SHP1 supports the establishment of peak viral latency by promoting the
gammaherpesvirus-driven germinal B cell response. While there seems to be a lack of
consensus regarding overall SHP1 protein levels in naive, germinal center, and memory
B cells (25, 29), it is clear that, in contrast to other B cell differentiation stages, SHP1 is
constitutively associated with BCR in germinal center B cells and promotes mainte-
nance of the germinal center response following immunization with a T cell-dependent
antigen (25). Interestingly, EBV reactivation from a Burkitt’s lymphoma cell line in-
creases SHP1 expression (48). This observation, combined with normal SHP1 expression
in EBV-transformed B cells, suggests that, in addition to the indirect proviral effects of
SHP1 on the germinal center response, SHP1 may also have infected cell-intrinsic
proviral effects, effects that become less relevant during lymphomagenesis in vivo.

The proviral effect of SHP1 that we observed during gammaherpesvirus infection
was dependent on B cell-intrinsic SHP1 expression. The loss of SHP1 expression in T
cells had no effect on any of the examined parameters, in spite of the critical impor-
tance of TFH cells for the MHV68-driven germinal center response and peak viral latent
reservoir (44, 45). The SHP1-deficient T cells in the dLck Cre mouse model utilized in this
study are resistant to suppression mediated by classical regulatory CD4 T cells (34).
Unfortunately, very little, if anything, is known about the role of classical regulatory CD4
T cells during chronic gammaherpesvirus infection.

Intriguingly, the TFH cell population was increased in mice with B cell-specific SHP1
deficiency, in spite of the fact that the T cells in these mice have an intact PTPN6 gene,
suggesting that the SHP1-deficient B cells might constitutively produce a survival
factor(s) that selectively acts on the TFH cell population. Correspondingly, this factor
must be present and/or functional only at the baseline and through the peak of MHV68
infection, as the levels of TFH cells in long-term MHV68-infected mice were low and
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independent of the CD19 Cre genotype. In contrast, SHP1-deficient germinal center B
cells displayed higher levels of active caspase 3, indicating that the survival/growth
factor in the germinal center milieu was not sufficient to maintain the viability of these
SHP1-deficient B cells.

How might B cell-intrinsic SHP1 expression support the viability of germinal center
B cells? One potential explanation is tied to the known role of SHP1 in the attenuation
of BCR signaling. While BCR cross-linking is one of the steps required for naive B cell
entry into the germinal center reaction, further differentiation into a germinal center B
cell is associated with the constitutive association of SHP1 with the BCR and the
attenuation of BCR signaling (25). In the absence of SHP1, the activation threshold for
B cells is lower, resulting in low-affinity B cells entering the germinal center. These
lower-affinity germinal center B cells are at a higher risk for being selected against
during the germinal center response, which may account for the observed elevated cell
death of SHP1-deficient germinal center B cells.

MATERIALS AND METHODS
Ethics statement. All experimental manipulations of mice were approved by the Institutional Animal

Care and Use Committee of the Medical College of Wisconsin (MCW; approval AUA971).
Animal studies. All mouse strains used in this study were maintained at the MCW animal facility.

Shp1fl/fl and dLck Cre-positive Shp1fl/fl mice were provided by Ulrike Lorenz. To regenerate the published
model of B cell-specific SHP1 deficiency (33) that was no longer available from the original investigator,
Shp1fl/fl mice were bred to CD19 Cre-positive (C.129P2-Cd19tm1(cre)Cgn/J) mice from The Jackson Labora-
tory (Bar Harbor, ME). At 6 to 10 weeks of age, the mice were intranasally inoculated with 500 PFU of
MHV68 (WUMS) in 15 �l serum-free Dulbecco modified Eagle medium or mock infected. Males and
females were interchangeably used in replicate experiments. Data were analyzed with respect to gender,
and no significant differences were found. Mice were euthanized by CO2 inhalation from a compressed
gas source in a nonovercrowded chamber as mandated by the American Veterinary Medical Association
Panel on Euthanasia. Mice were bled at the indicated time points 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 MHV68 DNA-positive cells and the frequency of ex vivo
reactivation of MHV68 were determined as previously described (49). Briefly, to determine the frequency
of cells harboring viral DNA, splenocytes were pooled from all mice within each experimental group (3
to 5 mice/group), and 6 serial 3-fold dilutions were subjected to a nested PCR (12 replicates/dilution)
using primers against the viral genome. To determine the frequency of cells reactivating virus ex vivo,
splenocytes were pooled from all mice within each experimental group (3 to 5 mice/group). and 8 to 12
serial 2-fold dilutions of splenocyte suspensions from each group were plated onto monolayers of mouse
embryonic fibroblasts (MEFs) at 24 replicates per dilution. In order to control for preformed virus, 2-fold
serial dilutions of mechanically disrupted splenocytes were plated as described above. Cytopathic
clearing of MEFs was scored at 21 days postplating. The use of primary MEFs to amplify virus lowers the
sensitivity of lytic MHV68 detection to a single PFU.

Flow cytometry. Single-cell suspensions of splenocytes were prepared in fluorescence-activated cell
sorting (FACS) buffer (phosphate-buffered saline [PBS], 2% fetal bovine serum, 0.05% sodium azide) at
1 � 107 nucleated cells/ml. A total of 1.5 � 106 cells were prestained with Fc block (24G2 clone) and then
incubated with an optimal dilution of antibody on ice. When necessary, following surface staining, the
cells were fixed and permeabilized with BD Cytofix/Cytoperm solution (Fisher Scientific, Hampton, NH)
for the detection of intracellular antigens. The following antibodies and reagents were used in this study
and purchased from BioLegend (San Diego, CA), unless indicated otherwise: B220-phycoerythrin (PE)-
Cy7, CD95-PE, GL7-fluorescein isothiocyanate (FITC), CD3-allophycocyanin (APC) A700, CD4-Pacific Blue,
CXCR5 (a triple amplification with CXCR5-rat anti-mouse immunoglobulin, biotin-goat anti-rat immuno-
globulin, streptavidin-APC was used), PD-1–PE, CD138-APC, IgG-PE, Ki67-PE, and cleaved caspase 3-FITC
(CaspGLOW; Invitrogen). Data acquisition was performed on an LSR II flow cytometer (BD Biosciences,
Sane Jose, CA), and the data were analyzed using FlowJo software (Tree Star, Ashland, OR).

Enzyme-linked immunosorbent assay (ELISA). Sera were collected from uninfected or infected
mice of both genotypes at 16 or 42 days postinfection. Serum levels of total IgG was detected by coating
Nunc MaxiSorp immunoplates (Fisher Scientific, Pittsburgh, PA) with goat anti-mouse IgG (Fc� fragment
specific; Jackson ImmunoResearch, West Grove, PA) at 10 �g/ml in PBS. The plates were washed with
PBS-Tween (0.05%), blocked for 1 h with PBS-Tween (0.05%)-bovine serum albumin (BSA; 3%), incubated
with 3-fold dilutions of serum in PBS-Tween (0.05%)-BSA (0.5%) for 1 h, and washed with PBS-Tween
(0.05%). Bound antibody was detected with horseradish peroxidase (HRP)-conjugated goat anti-mouse
IgG (Fc� fragment specific) using 3,3=,5,5=-tetramethylbenzidine substrate (Life Technologies, Gaithers-
burg, MD). HRP enzymatic activity was stopped by the addition of 1 N HCl, and the absorbance was read
at 450 nm on a model 1420 Victor3V multilabel plate reader (PerkinElmer, Waltham, MA). Anti-double-
stranded DNA antibodies were detected by precoating Nunc MaxiSorp immunoplates (Fisher Scientific,
Pittsburgh, PA) with 5 �g/ml methyl-BSA in H2O and were then washed with PBS and coated with
12.5 �g/ml DNA in PBS at 4°C. The wells were washed 2 times with PBS and then blocked with blocking
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buffer (1� PBS, 3% BSA, 3 mM EDTA, 0.1% gelatin) for 1 h. The wells were then incubated with 3-fold
dilutions of serum in blocking buffer for 1 h, washed 2 times with PBS, and then washed 3 times with
blocking buffer. Goat anti-mouse IgG (H�L)-HRP diluted in blocking buffer was added for 1 h at room
temperature. Samples were washed 3 times with blocking buffer and then 2 times with PBS, followed by
3,3=,5,5=-tetramethylbenzidine substrate addition (Life Technologies, Gaithersburg, MD). HRP enzymatic
activity was stopped by the addition of 1 N HCl, and the absorbance was read as described above.

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

Statistical analyses. Statistical analyses were performed using Student’s t test (Prism software;
GraphPad Software, Inc.). Significance was determined when P was �0.05.
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