
www.manaraa.com

Murine gammaherpesvirus 68 infection protects lupus-
prone mice from the development of autoimmunity
Jennifer D. Larsona, Joshua M. Thurmanb, Anatoly V. Rubtsova,c, David Claypoold, Philippa Marracka,c,1,
Linda F. van Dyka,d, Raul M. Torresa, and Roberta Pelandaa,1

aIntegrated Department of Immunology, National Jewish Health and University of Colorado School of Medicine, Denver, CO 80206; bDepartment of Medicine,
University of Colorado School of Medicine, Aurora, CO 80045; cHoward Hughes Medical Institute, Denver, CO 80206; and dDepartment of Microbiology,
University of Colorado School of Medicine, Aurora, CO 80045

Contributed by Philippa Marrack, February 29, 2012 (sent for review October 3, 2011)

Gammaherpesvirus infections, such as those caused by EBV, have
been suggested to promote the development of autoimmunity.
To test this idea, we infected healthy WT and lupus-prone B6.
Sle123 mice with an EBV-related and rodent-specific gammaher-
pesvirus, γHV68. Although acute γHV68 infection increased auto-
antibody levels for 4 to 6 wk, latent infection inhibited these
responses for 1 y. The inhibition of autoantibody expression was
only observed in B6.Sle123 females and not in males, which al-
ready displayed lower autoantibody titers. Contrary to the initial
hypothesis, infection of young B6.Sle123 mice, both male and fe-
male, resulted in suppression of lymphoid activation and expan-
sion and of glomerular inflammation and sclerosis, preserving
kidney function. Moreover, γHV68 infection led to reduced auto-
antibody titers, lymphoid activation, and glomerular inflammation
whether lupus-prone females were infected before or during dis-
ease manifestation. Finally, γHV68 infection also inhibited autoan-
tibody production in the genetically distinct MRL/lpr lupus-prone
mice. Our findings indicate that γHV68 infection strongly inhibits
the development and progression of lupus-like disease in mice
that spontaneously develop this condition mediating its beneficial
effects at the humoral, cellular, and organ levels. The mechanisms
by which the virus exerts this down-modulatory action are not yet
clear, but appear to operate via reduced activation of dendritic
cells, T cells, and B cells. Gammaherpesviruses coevolved with
the vertebrate immune systems, establishing lifelong infections
in humans and other mammals. Our findings that γHV68 infection
prevents rather than exacerbates autoimmunity in mice suggest
that infection with gammaherpesviruses may be protective rather
than pathological in most individuals.
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Autoimmunity is believed to develop through the intersection
of genetic and environmental factors that predispose to this

collection of diseases. Infection with EBV has been linked to the
development of systemic lupus erythematosus and other auto-
immune disorders in humans (1–3) and thus may represent an
environmental trigger of autoimmunity. Despite the correlation
observed between EBV and autoimmunity, 95% of the adult
human population is infected with EBV whereas fewer than
2% develop the autoimmune diseases that have been linked to
EBV. This suggests that EBV infection does not inevitably lead
to autoimmunity.
Because EBV does not infect mice, studying its effects on

complex immunological processes in this animal model has been
difficult. This problem has been partly circumvented by gener-
ating transgenic mice that express isolated EBV genes which,
when used in studies of autoimmunity, have supported a role of
EBV in this pathological process (4–6). Interpretation of these
studies, however, has to take into account the absence of the
whole viral genome and the infection program, which might have
additional effects. An alternative way to circumvent the absence
of a small animal model for EBV infection has been to study
the murine gammaherpesvirus 68 (γHV68, also known as murid

herpesvirus-4), a herpesvirus with characteristics similar to those
of EBV that is able to infect mice (7–9). Infection of WT mice
with γHV68 delivered by i.p. injection or intranasal administra-
tion of virus particles results in a productive acute infection that
manifests with enhanced Ig secretion, lymphoproliferation, and
cytokine production resembling the mononucleosis that follows
EBV infection in almost half of infected adult human beings
(10–13). Similar to the time course of EBV infection in humans,
the mouse immune system controls the γHV68 virus within 2 to
3 wk after the initial infection (13–15), and the virus goes latent
in B cells, macrophages, dendritic cells (DCs), and epithelial
cells (16–21). This chronic infection persists for the rest of the
individual’s life. Reactivation of the virus can periodically occur,
but this is regulated by the host immune system (13, 15, 22–28).
A previous study has shown that γHV68 infection of WT

C57BL/6 (B6) mice promotes expression of dsDNA and colla-
gen-reactive IgG autoantibodies (12). These autoantibodies,
moreover, persisted as long as 80 d after infection, after the time
the virus has entered its latent phase. Because of this persistence
and the fact that the autoantibodies were of the IgG class, it was
suggested that γHV68 infection might trigger autoimmune dis-
ease in mice (12), potentially mimicking EBV in humans. When
γHV68 infection was more directly tested in the context of mu-
rine autoimmunity, it was shown to delay the onset of diabetes in
NOD female mice infected at 8 to 9 wk of age (29), but also to
exacerbate experimental arthritis in K/BxN mice (30) and ex-
perimental autoimmune encephalomyelitis in SJL mice and in
Lewis rats (31). These studies, therefore, suggest that γHV68
infection can increase or decrease symptoms of autoimmunity in
mice, perhaps depending on the type of autoimmune disease and
the genetics of the host.
The effect of γHV68 infection on the development of murine

lupus has not been addressed so far. In this study, we investigated
whether γHV68 acute and latent infection promotes autoim-
munity in normal and lupus-prone mice. Our results demonstrate
that γHV68 infection does not promote autoimmunity in WT B6
mice. Rather, this virus significantly inhibits the development
and progression of autoimmunity in lupus-prone mice and its
effect manifests at the humoral, cellular, and organ level for as
long as 1 y after the initial infection. Reduced numbers of acti-
vated T cells, B cells, and DCs were found in chronically infected
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lupus-prone mice, likely contributing to the decreased burden
of autoimmunity.

Results
Chronic γHV68 Infection Does Not Induce Symptoms of Autoimmunity
in WT B6 Mice.WT B6 mice were infected with γHV68 at 6 to 8 wk
of age by i.p. injection of 1 × 106 pfu γHV68 to investigate
whether this virus triggers the development of autoimmune dis-
eases, as previously suggested (12). As shown in Fig. S1A,
infected mice displayed an antibody response to the virus by 3 wk
after infection, and this response reached a plateau by 6 mo
after infection.
To investigate whether γHV68 infection has the potential to

cause autoimmunity in healthy mice, we measured the level of
anti-chromatin and anti-Smith autoantibodies, and total IgM and
IgG levels in the sera of infected and noninfected B6 mice. This
analysis was performed directly following the clearance of acute
virus replication (3 wk) and during the latent phase of infection
(1 mo after infection and once per month for as long as 11 mo
after infection), during which time viral genome is found within
cells in the absence of free infectious virus (9, 32). Acute in-
fection of B6 mice caused a rapid increase of total serum IgG
levels (Fig. 1A) whereas total serum IgM levels were similar in
infected and noninfected mice right after the acute phase and at
the beginning of latent phases of infection (Fig. 1A), as pre-
viously reported (12, 14).
Gammaherpesvirus 68 infection of B6 mice resulted in de-

tectable levels of anti-chromatin and anti-Smith (Fig. 1B) IgG
autoantibodies at 3 wk after infection, and likely as a result
of acute infection as previously reported (12). The increase of
autoantibodies seen soon after the acute phase of infection was
of the order of 10- to 100-fold greater than that of noninfected
animals, but significantly lower than the levels observed in mice
displaying lupus (Fig. 1B). The kinetics of autoantibody ap-
pearance generally followed that of total serum IgG, returning to
the background levels observed in noninfected mice by 3 mo
after infection (Fig. 1B). In some of the mice older than 8 mo of
age, we observed some fluctuations in the levels of the auto-
antibodies for reasons that are unclear. However, these changes
did not cause significant differences between the two groups of
mice. Overall, chronic γHV68 infection did not result in in-
creased levels of autoantibodies in B6 mice for at least 1 y of age.
Systemic autoimmunity manifests with lymphoproliferation

and activation of B cells and T cells that may precede autoan-
tibody formation. To determine whether γHV68 infection causes
alterations in the lymphoid population of WT mice suggestive of
an ongoing autoimmune process, we compared the splenic B and
T cell populations of the B6 mice at the endpoint (11 mo post-
infection). The B-cell population in the spleen of each mouse
was analyzed by flow cytometry to determine frequency and
numbers of marginal zone and Igλ+ B cells, CD4 and CD8 T
cells, and activated B and T cells, gated as shown in Fig. S2A. On
average, infected B6 mice exhibited significantly lower numbers
of B cells (both follicular and marginal zone) and CD4+ T cells,
but not of CD8+ T cells (Fig. 1C). The frequency of Igλ+ B cells
was similar in infected and noninfected mice (Fig. 1D), sug-
gesting that γHV68 infection did not significantly change the
frequency of secondary Ig gene rearrangement and receptor
editing during B-cell development (33). Moreover, chronic
γHV68 infection did not mediate accumulation of activated
lymphocytes, but actually resulted in a significantly lower fre-
quency of activated (CD69+) B220+ B cells and CD4+ T cells,
but not of CD8+ T cells (Fig. 1E). Finally, infection did not
significantly alter the frequency of CD4+FoxP3+ regulatory T
cells (Tregs; Fig. 1E).
Based on the results of the serological and cellular analyses,

we conclude that long-term γHV68 infection does not promote
chronic symptoms of autoimmunity in B6 mice.

Latent γHV68 Infection Does Not Increase Autoantibody Titers in Anti-
dsDNA B6.56R Mice. Anti-chromatin B cells are normally silenced
by tolerance at several checkpoints during B-cell differentiation
from the immature to the activated mature and plasma cell

Fig. 1. γHV68 promotes autoantibody expression in B6 mice during the
acute, but not the latent, phase of infection and does not mediate chronic
lymphocyte expansion and activation. Six- to 8-wk-old B6 mice (females and
males) were infected i.p. with 106 pfu of γHV68 or left uninfected. (A and B)
Blood was collected before infection, at 3 wk postinfection, and monthly as
indicated from both groups of mice, and antibodies were analyzed by ELISA.
(A) Total IgM and IgG concentration (A) and anti-chromatin and anti-Smith
IgG titers (B) in sera of infected (filled square) and noninfected (empty di-
amond) B6 mice. A filled circle in graphs in B indicates the titer of anti-
chromatin or anti-Smith antibodies in serum of a 15-wk-old female MRL/lpr
(positive control). Data represent the mean and SD of antibody titers from
10 to 17 mice per group analyzed over the course of at least two separate
experiments (*P < 0.05). Arrows indicate the time of infection. (C–E) The
infected and not infected B6 mice were euthanized at 11 to 13 mo of age,
and spleen cells were analyzed by flow cytometry. Flow cytometric analysis
was performed to determine the size of the follicular (CD23highCD21low),
marginal zone (CD21highCD1dhigh), Igλ+, and activated (CD69+) B-cell (B220+)
populations, and of the CD4, CD8, regulatory (FoxP3+), and activated (CD69+)
T-cell populations (representative plots shown in Fig. S2A). (C) Absolute cell
numbers of B- and T-cell subsets and (D) percentage of Igλ+ B cells in the
B220+ cell population in infected and noninfected B6 mice. FoB, follicular B
cells; MZB, marginal zone B cells. (E) Frequency of activated (CD69+) B cells,
CD4 and CD8 T cells, and Tregs (FoxP3+). Bar graphs represent arithmetic
means and SDs (n = 10–17 from two separate experiments; *P < 0.05, **P <
0.01, and ***P < 0.001).

Larson et al. PNAS | Published online April 2, 2012 | E1093

IM
M
U
N
O
LO

G
Y

PN
A
S
PL

U
S

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
18

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203019109/-/DCSupplemental/pnas.201203019SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203019109/-/DCSupplemental/pnas.201203019SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203019109/-/DCSupplemental/pnas.201203019SI.pdf?targetid=nameddest=SF2


www.manaraa.com

stages (34, 35). The inability to detect anti-chromatin antibodies
in latently infected B6 mice may be a result of the normal es-
tablishment of tolerance in this mouse strain. To bypass the ef-
fect of tolerance and investigate a possible role of γHV68
infection on the differentiation and activation of anti-chromatin
B cells, we next infected B6.56R mice, which bear the 56R
transgene coding for an anti-DNA Ig heavy chain (36). Central
and peripheral tolerance are not particularly stringent in B6.56R
mice, and anti-dsDNA B cells reach the mature cell stage and
differentiate into anti-dsDNA IgM and IgG antibody secreting
cells, although never becoming pathogenic (36). Anti-dsDNA
IgG antibody titers in infected B6.56R mice were significantly
increased vs. those of noninfected animals during the acute
phase of infection and persisting into the latent phase (Fig. 2).
However, the autoantibodies in infected mice returned to levels
observed in noninfected mice during the latent phase of infection
approximately 8 wk after initial infection, and generally following
total IgG kinetics (Fig. 2).
Our data show that chronic γHV68 infection of anti-DNA

B6.56R mice do not exacerbate production of anti-chromatin
autoantibodies even in mice in which mechanisms of peripheral
B-cell tolerance are not particularly stringent.

Chronic γHV68 Infection Significantly Decreases Autoantibody
Production in Lupus-Prone B6.Sle123 Mice Before and After Onset
of Disease. To test whether γHV68 infection promotes autoim-
munity only in genetically predisposed backgrounds, we acquired
the B6.Sle123 mouse strain that bears three distinct genetic loci
of lupus susceptibility on the B6 genetic background (37–39) and
manifests slow kinetics and 100% penetrance of lupus in both
males and females (40).
Groups of B6.Sle123 male (n = 5 per group) and female (n =

16–19 per group) mice were infected with γHV68 (i.p. injection
of 1 × 106 pfu) at 6 to 8 wk of age, before the development of
detectable symptoms of lupus. Infection induced anti-virus IgG
antibody responses (Fig. S1B) similar to those observed in WT
B6 mice (Fig. S1A). By performing a limiting dilution nested
PCR assay (41), we found that the frequency of viral genome-
containing B6.Sle123 B cells was approximately 10- to 20-fold

higher than that of B6 B cells (B6.Sle123, approximately 1 in
5,000; B6 extrapolated to be approximately 1 in 100,000; Fig.
S1C). A similar difference, although less pronounced, was ob-
served in non-B cells (B6.Sle123, approximately 1 in 30,000; B6
extrapolated to be approximately 1 in 100,000; Fig. S1C).
Total serum IgM and IgG levels were affected by γHV68 acute

infection in B6.Sle123 mice in a similar fashion as seen in B6
mice (Figs. 1A and 3A). Similar to B6 mice, anti-chromatin and
anti-Smith IgG antibody titers in B6.Sle123 mice quickly in-
creased following acute infection, but returned to background
levels during the latent phase of infection (Fig. 3B). As expected
for mice of this strain (40), B6.Sle123 mice became slowly se-
ropositive for anti-chromatin and anti-Smith autoantibodies (Fig.
3B) and displayed high levels of total IgG (Fig. 3A). The average
levels of these antibodies and the fraction of positive mice
steadily increased with age, reaching a plateau at 7 to 8 mo of age
(Fig. 3 B and C). At this time point, 100% of the mice displayed
anti-chromatin and/or anti-Smith autoantibodies greater than
those of control (B6) mice (Fig. 3C). The generation of auto-
antibodies appeared significantly altered by chronic γHV68 in-
fection. Latent γHV68-infected B6.Sle123 females displayed
significantly lower levels of anti-chromatin and anti-Smith
autoantibodies on average, and some of the mice remained au-
toantibody-free during the entire time of analysis (Fig. 3 B and
C). The effect of infection was particularly evident for anti-Smith
antibodies, in which most of the infected mice displayed levels
comparable to those of WT mice (Figs. 1B and 3B).
The Sle1, Sle2, and Sle3 loci promote the development of lu-

pus in males and females, although some of the parameters as-
sociated with lupus are more prominently displayed in females
(40). In accordance, we found that anti-chromatin and anti-
Smith antibody titers were five- to 10-fold and as much as 100-
fold lower, respectively, in B6.Sle123 males than in females (Fig.
3D). Interestingly, γHV68 latent infection decreased the auto-
antibody titers only in female B6.Sle123 mice, whereas those of
males remained relatively unchanged (Fig. 3D).
We next asked whether γHV68 infection could inhibit auto-

antibody formation in female mice in which symptoms of disease
had already started. To test this, B6.Sle123 females were infected
with γHV68 at 5 to 6 mo (22 wk) of age, at a time when auto-
antibodies had reached detectable levels in at least 50% of the
mice (Fig. 3C), but were still below the maximum typically ob-
served at 1 y of age (Fig. 3B). Autoantibody titers at this time
varied from mouse to mouse (Fig. 3E), causing some groups of
mice to display lower levels than those of other groups, on av-
erage (e.g., anti-Smith titers; Fig. 3E). Nonetheless, we found
that γHV68 infection consistently reduced anti-chromatin and
anti-Smith autoantibody titers by 4 wk after infection (Fig. 3E).
Moreover, the autoantibody titers of B6.Sle123 females infected
at 22 wk remained low during the following weeks, similar to
those of mice that were infected at 8 wk of age (Fig. 3E).
Similar inhibition of autoantibody production was observed in

both males and females of a different lupus-prone mouse strain,
the MRL/lpr (Fig. S3), which is genetically different from the B6.
Sle123 and develops a much more aggressive form of lupus.
Overall, these data indicate that γHV68 infection strongly in-

hibits the production of autoantibodies in lupus-prone female mice
during the progression of lupus disease and after its initiation.

Chronic γHV68 Infection Prevents Kidney Disease in Lupus-Prone B6.
Sle123 Mice. Systemic lupus can affect kidney function, resulting
in increased levels of proteinuria, blood urea nitrogen (BUN),
and glomerular inflammation, and B6.Sle123 mice have been
reported to ultimately die from fatal glomerulonephritis (40). In
agreement, BUN levels were significantly elevated in non-
infected B6.Sle123 mice relative to B6 controls (Fig. 4A). In
contrast, whether they were infected at 6 to 8 or 22 wk of age,
chronically infected B6.Sle123 mice exhibited significantly re-

Fig. 2. Chronic γHV68 infection does not exacerbate generation of anti-
chromatin antibodies in anti-DNA B6.56R mice. Six- to 8-wk-old B6.56R mice
were infected i.p. with 106 pfu of γHV68 or left not infected. Blood was
collected before infection (time 0) and at indicated time points after in-
fection to determine total IgG levels (Upper) and anti-chromatin IgG titers
(Lower) in sera of infected (filled square) and noninfected (empty diamond)
56R.B6 mice. Data represent the mean and SD of antibody titers from nine
mice per group analyzed over the course of two independent experiments
(*P < 0.05).
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duced BUN levels that were similar to those of B6 mice (Fig.
4A). To directly investigate kidney function, the glomeruli were
examined for signs of inflammation and glomerulosclerosis by
microscopy. Most glomeruli from naive B6.Sle123 mice exhibited
significant involvement, including proliferative lesions, hyaline
deposits, and/or thrombosis (Fig. 4B). In contrast, most glo-
meruli from infected B6.Sle123 mice were normal or had mini-
mal involvement restricted to segmental lesions (Fig. 4B). The
glomeruli were scored blindly, and an average glomerular score
was calculated for each mouse group (Fig. 4C). B6.Sle123 mice
had an average score of 0.8, indicating that approximately 80%
of their glomeruli were severely affected. In contrast, the average
glomerular score of γHV68-infected B6.Sle123 mice was 0.2 (20%
of glomeruli affected; Fig. 4C), a result not significantly different
from those in infected and noninfected B6 mice (Fig. 4C).
These data indicate that γHV68 infection does not induce

kidney pathology in WT mice, and protects lupus-prone B6.
Sle123 mice from glomerulonephritis and end-organ damage.

Chronic γHV68 Infection of B6.Sle123 Mice Decreases Frequency of
Activated Lymphocytes and DCs. The development and pro-
gression of lupus is driven by abnormal activation of hemato-
poietic cells and production of cytokines. We first speculated that
a strong cytokine imbalance might be mediating at least some of
the suppressing effects on autoimmunity observed in infected B6.
Sle123 mice. IFN-γ is greatly augmented following viral infection
and increased levels of this cytokine have been shown to reduce
the burden of autoimmunity in some studies (42, 43). We treated
groups of B6.Sle123 young females with either blocking anti–
IFN-γ or isotype control antibodies starting at 1 wk after γHV68
infection and for a total of 8 wk (Fig. S4A). Anti-chromatin and
anti-Smith autoantibody titers were not significantly different in
the two groups of mice, suggesting that IFN-γ does not likely
contribute to the inhibition of autoantibody production mediated
by γHV68 in B6.Sle123 mice.
B6.Sle123 mice develop splenomegaly and supraphysiological

numbers of B cells and T cells, and a higher frequency of acti-
vated lymphocytes that drive the development of autoimmunity
(40, 44). Chronically infected B6.Sle123 mice were analyzed at
approximately 1 y of age to determine the effect of γHV68 virus
on the lymphoid population (Fig. S2B). The absolute number of
B220+ B cells, and CD3+ T cells were significantly reduced in
B6.Sle123 females that were infected at 6 to 8 wk of age, but not
in those infected at 22 wk of age, relative to noninfected animals
(Fig. 5 A and B). In the B-cell population of B6.Sle123 mice
infected at 6 to 8 wk, follicular and marginal zone B cells were
significantly reduced in number, whereas the frequency of λ+ B
cells was similar in infected and noninfected mice (Fig. 5A). In
the T-cell population, both CD4+ and CD8+ T-cell numbers
were significantly decreased (Fig. 5A). Moreover, chronically
infected B6.Sle123 mice, whether infected at 6 to 8 wk or 22 wk
of age, displayed significantly lower frequency of both activated
B cells and (CD4 and CD8) T cells than noninfected mice (Fig. 5
C and D). The reduced activation of B cells and CD4 T cells was
also observed in infected males (Fig. S4B). Thus, chronic γHV68
infection prevents the lymphoid cell expansion and activation
that is associated with lupus development in B6.Sle123 mice, but

Fig. 3. Chronic γHV68 infection significantly decreases autoantibody pro-
duction in lupus-prone B6.Sle123 female mice. (A–D) Six- to 8-wk-old B6.
Sle123 male (n = 5 per group) and female (n = 16–19 per group) mice were
infected i.p. with 106 pfu of γHV68 or left uninfected. Blood was collected
before infection, at 2 to 3 wk postinfection, and monthly for 11 mo from
both groups of mice, and antibodies were analyzed by ELISA. (A) Total IgM
and IgG in infected (filled square) and noninfected (empty diamond) B6.
Sle123 female mice. (B) Anti-chromatin and anti-Smith IgG titers in serum of
infected (filled square) and noninfected (empty diamond) B6.Sle123 female
mice. A filled circle indicates the titer of anti-chromatin or anti-Smith anti-
bodies in serum of a 15-wk-old female MRL/lpr (positive control). Data
represent the mean and SD of antibody titers from 21 to 24 mice per group
analyzed over the course of at least two separate experiments (*P < 0.05).
(C) Frequency of B6.Sle123 female mice displaying anti-chromatin or anti-
Smith antibody titers above mean titers + 2 SDs of B6 naive (i.e., control)
mice. (D) Mean and SD of anti-chromatin and anti-Smith IgG titers in serum
of infected (filled symbol) and noninfected (empty symbol) B6.Sle123 male
(squares; n = 5 per group) and female (circles; n = 16–19 per group) mice.

Arrows indicate the time of infection. (E) B6.Sle123 females were infected i.
p. with 106 pfu of γHV68 at 8 wk or 5 to 6 mo (22 wk) of age. A group of
females were left uninfected. Blood was collected starting at 6 to 8 wk of
age and once per month for the time indicated. Shown are anti-chromatin
and anti-Smith IgG titers in serum of B6.Sle123 females infected at 6 to 8 wk
(filled black squares), at 22 wk (filled gray diamonds), and not infected
(empty diamonds). Graphs represent the mean and SD of antibody titers
from 10 to 20 mice per group analyzed in one to two experiments (*P < 0.05
between control and infected at 22 wk).
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is unable to restore normal lymphocyte numbers in mice in which
cell expansion has already ensued.
A novel B-cell subpopulation, age-associated B cells (ABCs),

has been recently described to be composed of B cells expressing
CD11b and CD11c (45, 46). ABC numbers are increased with
age in female mice and in response to Toll-like receptor (TLR)
7 agonists (45). Moreover, ABCs are also increased with auto-
immunity in mice and humans (45). When we analyzed the
spleen ABC population, we found that the ABC fraction was
significantly diminished in infected B6.Sle123 females relative to
that of noninfected individuals (Fig. 5E), potentially contribut-
ing to the decreased burden of autoimmunity. The diminished
ABC population of infected mice was not likely the result of
a general reduced TLR7 signaling in B cells, as B cells from
acute and latent infected B6.Sle123 mice up-regulated CD69 to
the same extent of those of noninfected animals to a TLR7
agonist in vitro (Fig. S4C).
Lymphocyte activation can be modulated by changes in Treg

numbers and phenotype of DCs. Latently infected B6.Sle123

mice displayed frequency and numbers of CD4+FoxP3+ Tregs
that were significantly lower than those of noninfected mice (Fig.
5F), suggesting that γHV68 does not mediate inhibition of lupus
by generally increasing generation of Tregs. On the contrary, the
frequency of CD80+ activated CD11c+ cells in B6.Sle123 mice
was significantly diminished by acute and latent γHV68 infection
(Fig. 5G). This suggests that the virus might inhibit lymphocyte
activation and, consequently, lupus development by modulating
the function of DCs.

Discussion
This study was performed to investigate the association between
gammaherpesvirus infection and lupus development in the mouse.
Here we demonstrate that γHV68 infection neither triggers
nor exacerbates lupus disease in healthy and lupus-prone mice,
respectively. Instead, γHV68 infection inhibits the development
and progression of murine lupus at the humoral, cellular, and
organ level.
Gammaherpesvirus 68 infection has previously been associ-

ated with autoantibody production in WT mice (12). Our data
extend this finding to show that virus-induced autoantibody
production is short-lived and transient, with IgG autoantibody
kinetics closely mirroring total IgG serum levels and decreasing
to preinfection levels during viral latency. Similar results were
found in anti-DNA B6.56R mice, which display defects in pe-
ripheral B-cell tolerance manifesting with constitutive levels of
anti-chromatin autoantibodies. Thus, γHV68-induced autoanti-
body production may be the result of polyclonal B-cell stimula-
tion, a process previously shown for other viruses (47, 48) and
EBV (49, 50), and which resolves with viral latency (10–13).
Our study shows that γHV68 latent infection dramatically

inhibits the generation of autoantibodies in lupus-prone mice.
Latently infected B6.Sle123 mice, whether infected at 8 or 22 wk
of age, had significantly lower levels of autoantibodies compared
with noninfected mice of the same age. The reduction of serum
autoantibodies mediated by γHV68 was observed in females, but
not in males, of the B6.Sle123 strain. In fact, γHV68 infection of
B6.Sle123 females caused an autoantibody profile similar to
those of males, which display lower autoantibody titers than
females. This bias may be a result of differences among sexes in
the expression of TLRs and cytokines that affect autoantibody
production (51, 52) and indicate the existence of pathways
leading to the production of autoantibodies that are not inhibi-
ted by the virus. On the contrary, latent γHV68 infection
inhibited autoantibody production even in the genetically un-
related lupus-prone MRL/lpr strain, indicating that this virus
impinges on a general mechanism of autoantibody formation.
Beyond inhibiting the production of autoantibodies in auto-

immune prone mouse strains, γHV68 infection also prevented
accumulation of B and T cells when infecting young (both males
and females), but not old, B6.Sle123 mice. These latter findings
indicate that viral infection inhibits the development of the
lymphoid expansion associated with autoimmune development,
but does not reverse lymphoproliferation when it has been ini-
tiated. B6.Sle123 mice have been described to die from kidney
disease starting at 8 mo of age (40), but in our colony, we did not
have significant death during our experiments (to 1 y of age). The
reduction of BUN and glomerular inflammation we observed in
our infected mice, whether infected young (males and females)
or at later time (only females), indicates that γHV68 infection
inhibits the development of kidney disease. It follows that
γHV68 infection might delay the death of B6.Sle123 mice, but
we did not protract our observation of the mice long enough to
establish a survival curve.
A small fraction of infected B6.Sle123 mice displayed signs

of spleen fibrosis by 1 y of age, a phenomenon observed with
γHV68 infection of IFNγR−/− mice (53). Fibrosis manifested
with darkening and hardening of splenic tissue and severe re-

Fig. 4. γHV68 infection prevents kidney disease in lupus-prone mice.
Parameters of kidney function were evaluated in B6 and B6.Sle123 mice
described in Figs. 1, 3, and 4 at the end of the study (12–13-mo-old mice). (A)
BUN levels were measured in serum of mice. Graphs represent the arithmetic
mean and SD of BUN levels in serum of 10 to 24 mice per group analyzed
over one or two independent experiments. (B) Representative kidney sec-
tions stained with periodic acid–Schiff from B6 and B6.Sle123 mice that were
not infected or infected with γHV68 at 6 to 8 wk of age. A representative
glomerulus is shown in each section (original magnification of ×400). (C)
Twenty-five glomeruli for each mouse were evaluated in a blinded analysis
in kidney sections. A score of 1 was assigned to each severely affected glo-
merulus (showing, e.g., proliferative lesions, thrombosis, hyaline deposits),
and a score of 0 was assigned to nonaffected or mildly affected (with seg-
mental lesions) glomeruli. An average score was assigned to each mouse.
The bar graph represents the average glomerulus score and SD for each
group of mice (n = 10–24 mice per group analyzed in two independent
experiments; *P < 0.05, **P < 0.01, and ***P < 0.001; NS, not significant).
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duction of splenocyte numbers. The presence of fibrotic spleens
raises the possibility that the autoimmune suppression mediated
by γHV68 is an indirect consequence of general lymphocyte loss,
including autoreactive B cells and T cells. We consider this un-
likely, however, as fibrosis was not found in any of the B6.Sle123
mice infected at 22 wk or in most mice infected at 8 wk despite
significant inhibition of autoimmunity.
Lupus is a multifactorial disease in which autoantibody pro-

duction, lymphocyte activation, and changes in pro- and anti-
inflammatory cytokine expression all contribute to subsequent
tissue and organ damage. Gammaherpesvirus 68 persistent in-
fection could ameliorate autoimmunity by affecting any of these
immunological functions. We tested whether IFN-γ, a cytokine
strongly up-regulated following viral infection, might play a role
in this process. Blocking IFN-γ in B6.Sle123 mice, however,
did not prevent the reduction of autoantibodies mediated by
γHV68, suggesting that changes in IFN-γ levels do not signifi-
cantly contribute to the inhibition of humoral autoimmunity in
this system. TLR7 signaling has been largely implicated in the
development of autoimmunity in lupus-prone mice and, specifi-
cally, in the generation of antinuclear antibodies (54–57) and for
the production of autoantibodies reactive with ribonuclear pro-
teins such as Smith (55–57). Moreover, TRL7 signaling mediates
the accumulation and function of ABCs, which belong to a re-
cently described small subset of autoreactive B cells that accu-
mulate in aged female mice and in some autoimmune conditions
(45). The significant decrease of anti-Smith autoantibodies and
of ABC numbers in aged B6.Sle123 females with γHV68 in-
fection is compatible with a general inhibition of TLR7 signaling.
Although speculative, γHV68 might impinge on TLR7 signaling
and, consequently, on ABC accumulation and function and au-
toimmune development, either by reducing receptor expression
as shown for EBV in human B-cell lines (58–60) or by opposing
its function via the activation of TLR9 signaling (54, 57, 61, 62).
In preliminary studies, we did not find a difference in the re-
sponse (CD69 up-regulation) of total B cells to a TLR7 agonist
in noninfected and γHV68-infected B6.Sle123 mice, suggesting
that a general alteration of this pathway in B cells is not likely the
cause of the reduced autoimmune phenotype. However, further
studies are needed to definitively determine whether changes in
TLR signaling in B cells or other hematopoietic cell types play
a role in virus-mediated autoimmune inhibition. Another possi-
ble mechanism might consider the preference of γHV68 for B
cells. Antigen-experienced B cells are a major target of γHV68
(and EBV) infection and a major reservoir of latent virus (9, 19,
63). The much higher frequency of latently infected B cells we
observed in B6.Sle123 mice (relative to B6) suggests that γHV68
might frequently infect autoreactive B cells, as these cells are
frequent and are self-antigen–activated in lupus-prone mice (64).
Latent infection of autoreactive B cells may prevent their further
differentiation and activation because of the changes in cell
signaling pathways mediated by viral latent genes (65–67),
a possibility that requires future exploration.
Chronic γHV68 infection of B6.Sle123 mice resulted in a de-

crease of B- and T-cell activation in both males and females,
suggesting that this virus might inhibit lupus development by
inhibiting the effector function of lymphocytes. Our data do not

Fig. 5. Chronic γHV68 infection decreases lymphocyte and DC activation in
B6.Sle123 mice. (A–F) B6.Sle123 mice described in Fig. 3 that were infected at
6 to 8 wk or at 22 wk of age or left noninfected were euthanized at ap-
proximately 12 to 13 mo of age, at which time spleen cells were analyzed by
flow cytometry as described in Fig. 1 and shown in Fig. S2B. (A and B) Ab-
solute cell numbers of B- and T-cell subsets in B6.Sle123 female mice that
were noninfected (A and B, white bars) or infected at 6 to 8 wk (A, black
bars) or 22 wks (B, gray bars) of age. (A) Right: Percentage of Igλ+ B cells in
the B220+ cell population of noninfected B6.Sle123 mice relative to mice that
were infected at 6 to 8 wk of age. FoB, follicular B cells; MZB, marginal zone
B cells. (C and D) Frequency of activated (CD69+) B cells (B220+), CD4, and
CD8 T cells of B6.Sle123 female mice infected at 6 to 8 wk (C, black bars) or
22 wk (D, gray bars) of age relative to noninfected mice (white bars; n = 10–
20 mice per group from separate experiments). (E) Spleen cells from B6.
Sle123 female mice that were not infected (white bar) or infected at 6 to 8
wk of age (black bar) were analyzed by flow cytometry for the detection of
ABCs (n = 10–16 mice per group from two separate experiments). ABCs were
gated as single live and B220+CD4/CD8−CD11c+ lymphoid cells to determine
their frequency. The bar graphs represent the arithmetic mean and SD of the
percentage of ABCs in the B220+ B-cell population. (F) Frequency of FoxP3+

Tregs in the CD4+ T-cell population of the spleen of B6.Sle123 mice that were
left noninfected (white bar) or infected at 6 to 8 wk of age (black bar; n =
14–24 mice per group from two separate experiments). (G) CD11c+ cells were
purified from B6.Sle123 female mice and analyzed by flow cytometry for the

expression of CD80 on CD11c+ cells. The graph represents the frequency of
CD80+ cells in the total CD11c+B220− cells in the spleen of noninfected
(control, white bar) mice and during acute (9 d postinfection) and latent (12
mo postinfection) γHV68 infection (n = 3 mice per group). An additional
independent experiment performed on similar groups of mice (n = 3–5)
resulted in the following frequencies of CD80+ cells in the CD11c+B220− cell
fraction: control, 32.4%; acute, 19.5% (P = 0.01 vs. control); and latent,
11.8% (P = 0.0009 vs. control). Bar graphs represent arithmetic means and
SDs (*P < 0.05, **P < 0.01, and ***P < 0.001; NS, not significant).
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support the idea that γHV68 inhibits lymphocyte activation and
autoimmunity by generally increasing Treg cell numbers, as we
found reduced numbers of CD4 Tregs in infected B6.Sle123
mice. The virus may otherwise alter the development of auto-
immunity by modulating DCs, which are known to contribute to
the development of lupus in B6.Sle123 mice by producing large
amounts of proinflammatory cytokines and driving high levels of
B-cell and T-cell proliferation (68–70). Acute infection of DCs
with γHV68 decreases their ability to present antigen and to
express proinflammatory cytokines (20, 21, 29, 61, 71). Reduced
endocytic function of DCs during γHV68 acute infection was
also observed in the context of the autoimmune NOD genetic
background (29). We found that, during acute and latent γHV68
infection, B6.Sle123 mice harbor a reduced frequency of acti-
vated DCs. Moreover, this frequency is the lowest during latent
infection. Thus, it is possible that γHV68 infection permanently
alters, directly or indirectly, the function of DCs, contributing to
the down-modulation of B-cell and T-cell responses and of au-
toimmunity, and future studies will test this possibility.
Gammaherpesvirus 68 infection has been previously shown to

exacerbate experimental autoimmune encephalomyelitis and
autoimmune arthritis in rodents (30, 31). In these studies, how-
ever, viral influence on autoimmunity was only assessed for as
long as 7 wk postinfection, and it is unclear whether chronic virus
infection may have inhibited these responses as seen in our
studies. In the context of a different autoimmune pathology,
γHV68 leads to a delay in the development of diabetes in NOD
mice when evaluated through 30 wk after infection (29). The
effect of the virus on the onset of diabetes was subtle, resulting in
a 5- to 10-wk delay and only if the mice were infected between
8 and 9 wk of age (29). Moreover, these studies suggested that
the inhibitory effect was only mediated by the acute phase of
infection and not through latency. Our findings that γHV68 in-
fection inhibits lupus development in B6.Sle123 mice for 1 y after
the initial infection suggest that the latency (and/or the reac-
tivation) program may be required in this model. The contrasting
effects of γHV68 infection observed on different mouse models
of autoimmunity suggest that the virus may differentially mod-
ulate immune responses depending on the type of response and
the genetic background.
Gammaherpesviruses have evolved means to coexist with the

mammalian immune system for the entire life of the host (72),
and this is partly achieved by down-modulating host immune
responses (9, 72). Although there are important genetic differ-
ences between γHV68 and EBV that merit consideration, these
virus strains belong to the same family and their infections have
similar characteristics (9). Moreover, B6.Sle123 mice share lu-
pus-susceptibility loci with people who develop lupus (37–39, 73,
74), suggesting that these mice represent a relevant model for
human lupus. Our findings that γHV68 infection prevents rather
than exacerbates autoimmunity in mice could explain the dis-
parity between the incidence of EBV infection in humans and
the frequency with which individuals become autoimmune.
Moreover, a further understanding of how γHV68 suppresses
autoimmunity in lupus-prone mice could result in the identifi-
cation of new preventive and therapeutic targets for lupus.

Materials and Methods
Mice. WT C57BL/6 (B6) mice and lupus-prone B6.Sle123 (BCN/LmoJ) (40) and
MRL/lpr (MRL/MpJ-Faslpr/J) mice were purchased from Jackson Laboratory
and then maintained or bred at the Biological Resource Center at National
Jewish Health [National Jewish Health (NJH), Denver, CO]. B6.56R mice (36)
were a gift from Lenny Dragone (NJH, Denver, CO). Mice were housed under
specific pathogen-free conditions until γHV68 infection. Infected mice were
housed in BSL2 rooms. Females and males between the ages of 6 wk and
14 mo were used in these studies. All animal experiments were approved by
the institutional animal care and use committee.

Virus and Infections. Viral antigen for ELISA detection of virus-specific anti-
bodies was prepared as follows. Virus particles isolated from infected NIH
3T12 fibroblasts were concentrated by centrifugation at 14,000 × g and
purified over a sucrose gradient. Purified virus was resuspended in PBS so-
lution, 0.05% Triton-X buffer by overnight incubation at 4 °C with constant
rotation. Virus protein concentration was determined by Bio-Rad RC/DC
colorimetric kit for spectrometry. The γHV68 virus was grown and titered as
previously described (75). The frequency of spleen B (CD43−) and non-B
(CD43+) cells (purified as described later) harboring the viral genome was
determined by a limiting-dilution, nested-PCR assay that amplifies the γHV68
gene 50 with single-copy sensitivity, as previously described (41). For in-
fection of mice, animals were anesthetized with isoflurane (no. 398039;
Sigma) for 30 s to 1 min just before i.p. injection with 1 × 106 pfu of γHV68 in
500 μL of DMEM or HBSS.

Flow Cytometry, Antibodies, Cell Isolation, and Cell Culture. Spleen cells were
stained with fluorochrome-conjugated antibodies against B220 (RA3-6B2; BD
Pharmingen), CD4 (GK1.5; BD Bioscience), CD8 (53-6.7; eBioscience), CD69
(H1.2F3; eBioscience), CD80 (16-10A1; BD Pharmingen), CD21 (7G6; generated
in-house), CD23 (B3B4; eBioscience), CD1d (1B1; eBioscience), CD19 (1D3;
eBioscience), CD11b (M1/70, eBioscience), CD11c (HL3; eBioscience), and Igλ
(goat polyclonal; cat. no. 1065–02; Southern Biotechnology Associates).
Stained cells were fixed in PBS solution, 4% (wt/vol) formaldehyde before
analysis. Tregs were stained by using a FITC anti-mouse/rat FoxP3 Staining
Set (eBioscience). Dead cells were excluded using LIVE/DEAD Fixable Dead
Cell Stain Kit (Invitrogen). Cells were analyzed on a CyAn flow cytometer
(Beckman Coulter) and with FlowJo 8.8.6 software (Tree Star). Cell analyses
were done on a doublet cell excluded (single), live, and lymphoid (based on
forward and side scatter) cell gate. B cells were purified by negative selec-
tion by using anti-CD43 antibody-conjugated magnetic beads (Miltenyi
Biotech). Purified B cells were cultured at 3 × 106 cells/mL in complete RPMI
medium (10% FBS) with or without 5 μg/mL of TLR7 agonist 3M-012 (76) for
48 h before staining. For DC isolation, each spleen was first digested in 2 mL
of Click medium with 50 mg/mL collagenase D and 50 μg/mL DNase for 30 to
40 min at 37 °C. Equal volume of 0.1 M EDTA was then added, and the tissue
was incubated for 5 min at 37 °C. The digested tissue was homogenized and
filtered to obtain single-cell suspensions, and erythrocytes were lysed with 0.15
M NH4Cl buffer. DCs were purified by positive selection using anti-CD11c an-
tibody-conjugated magnetic beads (Miltenyi Biotech) and were subsequently
stained with fluorescent-conjugated antibodies for flow cytometric analyses.

ELISA for Virus-Specific Antibody. Nunc-Immuno MaxiSorp plates (Fisher Sci-
entific) were coated with 8 μg/mL γHV68 viral antigen (prepared as described
earlier) in PBS solution overnight at 4 °C. Plates were washed with PBS so-
lution, 0.5% Tween-20 and blocked with PBS solution, 1% BSA for 2 h at
37 °C. After washing the plates again, serial dilutions of serum samples
(starting at 1:20) in PBS solution, 1% BSA were added to wells. Plates were
incubated with serum for 2 h at 37 °C, and then washed three times with PBS
solution, 0.5% Tween-20. Bound antibodies were detected with AP-conju-
gated goat anti-mouse IgG2a antibodies (Southern Biotechnology) diluted
1:2,000 in PBS solution, 1% BSA. After 1 h of incubation at 37 °C, plates were
washed three times with PBS solution, 0.5% Tween-20, and color was de-
veloped adding p-nitrophenyl phosphate (Sigma) in 1 M diethanolamine,
0.5 mM MgCl2, pH 9.8, buffer. Absorbance values at 405 nm were obtained
by reading the plates on a Versamax ELISA reader (Molecular Devices), and
the data were analyzed with SoftMax Pro-5 Software (Molecular Devices).
Virus-specific antibody titers were determined as the dilution fold at which
serum samples displayed the same OD value in the linear part of the curve.

ELISA for Total Serum Ig and Anti-Smith and Anti-chromatin Antibodies. Total
serum levels of IgG and IgM were determined by sandwich ELISA by using
similar wash, incubation, and blocking steps described earlier for the virus-
specific antibody ELISA. Plates were coated with 2 μg/mL of goat anti-mouse
IgG or IgM antibodies (Southern Biotechnology). Bound Ig was detected
with AP-conjugated goat anti-mouse IgG or IgM (Southern Biotechnology).
Serum concentration of IgG and IgM was calculated relative to mouse IgM
and IgG standards of defined concentration (Southern Biotechnology).

For the detection of anti-Smith and anti-chromatin serum IgM and IgG
titers, plates were coated at 4 °C overnight with 1 μg/mL of Smith antigen
(Meridian Life Science) or 5 to 10 μg/mL of chromatin, both from calf thymus.
Chromatin, which was also used for the detection of anti-dsDNA antibodies,
was either a generous gift of Larry Wysocki (NJH, Denver, CO) or was pre-
pared by 20 s sonication of DNA sodium salt (D1501; Sigma). Antigen-specific
IgM and IgG antibodies were detected by using AP-conjugated goat anti-
mouse IgM and IgG antibodies (Southern Biotechnology). Absorbance at 405
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nm was read after incubating Smith-specific plates for 24 h at 37 °C and
chromatin (and dsDNA)-specific plates for 18 h at 4 °C. Positive control serum
was prepared from a 15-wk-old female MRL/lpr mouse and stored at −20 °C
in aliquots. Positive control serum was added to each anti-chromatin and
anti-Smith ELISA plate as a reference value for ELISA performed at different
times. Antibody titers were determined as the dilution fold at which serum
samples displayed the same OD value in the linear part of the curve. Anti-
body titers were normalized with respect to positive control values obtained
at the time the ELISAs were performed.

Analysis of Kidney Parameters. BUN levels were measured by using an ACE
ChemistryAnalyzer (AlfaWassermann). Kidneyswere harvested fromB6andB6.
Sle123 noninfected and infectedmice andwere stored in formalin until paraffin
wax preparation, sectioning, and subsequent staining with periodic acid–Schiff.
To assess histologic injury of the kidneys, 25 glomeruli from each kidney were
examined by a blinded observer by using a BX51 microscope (Olympus).

Statistical Analysis. Statistical significance was calculated with Prism soft-
ware (GraphPad Software) by using a one-tailed Student t test with
equal variance (with Welch correction when appropriate). P values lower
than 0.05 were considered significant. Data are represented as arithmetic
means ± SD.
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