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Abstract

The majority of the human population becomes infected early in life by the gammaherpesvirus
Epstein Barr Virus (EBV). Some findings suggest that there is an association between EBV
infection and the appearance of pathogenic antibodies found in Lupus. Gammaherpesvirus 68
infection of adult mice (an EBV model) has been shown to induce polyclonal B cell activation and
hypergammaglobulinemia, as well as increased production of autoantibodies. Here we explored
the possibility that this breach of tolerance reflects loss of B cell anergy. Our findings show that
although anergic B cells transiently acquire an activated phenotype early during infection, they do
not become responsive to autoantigen as measured by the ability to mobilize Ca2* following
antigen receptor crosslinking or mount antibody responses following immunization. Indeed, naive
B cells also acquire an activated phenotype during acute infection, but are unable to mount
antibody responses to either T-dependent or T-independent antigens. In acutely infected animals,
antigen stimulation leads to upregulation of costimulatory molecules and relocalization of antigen-
specific B cells to the B-T cell border, however, these cells do not proliferate or differentiate into
antibody secreting cells. Adoptive transfer experiments show that the suppressed state is reversible
and is dictated by the environment in the infected host. Finally, B cells in infected mice deficient
of CD4" T cells are not suppressed, suggesting a role for CD4* T cells in enforcing
unresponsiveness. Thus rather than promoting loss of tolerance, gammaherpesvirus 68 infection
induces an immunosuppressed state, reminiscent of Compensatory Anti-inflammatory Response
Syndrome (CARS).

Introduction

Autoimmunity is caused by destructive interplay between genetic predisposition and
environmental factors. Among environmental factors that have been associated with the
development of autoimmunity are bacterial and viral infections (1, 2). Infectious agents
promote autoimmunity by various mechanisms, including molecular mimicry, wherein the
response to pathogen-associated antigens crossreacts with self-antigens, as well as by
activation of bystander lymphocytes. For example, recent studies have demonstrated a role
for gut flora in promotion of rheumatoid arthritis via activation of Th17 cells (3).
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Infection by a number of agents causes polyclonal B cell activation, often accompanied by
an increase in total serum immunoglobulin (4-10). Depending on the pathogen, increases in
serum autoantibody titers have also been reported (9-12). One such pathogen is the murine
gammaherpesvirus 68 (yHV68)2 (9). A member of the gammaherpes viridea family of
dsDNA viruses, yHV68 infects mice in the wild and is often used as a model for EBV
infection (13). Infection is characterized by an acute/lytic phase lasting about 14 days during
which a number of cell types become infected, including B cells and dendritic cells. The
acute phase is followed by a life-long latent infection, primarily in B cells.

During the acute phase of yHV68 infection there is a several fold increase in B cells as well
as CD4* and CD8™ T cells in the spleen, with most displaying an activated phenotype (14).
Serum 1gG is 10-fold increased and remains elevated for an extended period, serum IgM is
also elevated though to a lesser extent. Sangster et al. showed that yHV68-infected mice
spontaneously produce 1gG anti-DNA and IgG anti-collagen 11, suggesting bystander
activation of autoreactive lymphocytes (9).

At the outset of our studies we hypothesized that anergic B cells might be the source of the
autoantibodies produced during -yHV68 infection. Anergic B cells are autoreactive B cells
that persist in the periphery in an antigen unresponsive state (15). They are characterized by
a shortened life span and a biochemical signature of previous activation (elevated basal
calcium and pErk), while being unresponsive to further stimulation through their BCR (as
measured by a severely reduced calcium mobilization, phosphorylation of downstream
signaling proteins and initiation of antibody responses). Many anergic B cells have a
transitional 3 (T3) B cell phenotype, i.e. B220* CD93* CD23M 1gM!°, also referred to as
anergic 1 (Anl) (16, 17). Their unresponsive state is consequent to chronic B cell receptor
occupancy by self-antigen and continuous signaling. Unresponsiveness is rapidly reversible
upon dissociation of cognate self-antigen (18, 19). This reversibility sets anergy apart from
the other extant mechanisms of tolerance, i.e. clonal deletion and receptor editing.
Reversibility of unresponsiveness, coupled with persistence of anergic cells in the periphery
where they may be exposed to inflammatory cytokines and innate immune stimuli, make
anergic B cells likely participants in development of autoimmunity.

In this report we tested the hypothesis that the production of autoantibodies during yHV68
infection is due loss of unresponsiveness of anergic B cells in the infected hosts. While we
found that anergic B cells transiently lose the anergy-associated cell surface phenotype,
acquire an activated phenotype and spontaneously produce some antibody during yHV68
infection, we found no evidence that at any point they regain responsiveness to antigen.
Interestingly, naive B cells in infected mice also transiently acquire an activated phenotype
and, in addition, are inhibited in their ability to mount antibody responses. This
unresponsiveness is reversible and depends on CD4* T cells.

Thus rather than overtly promoting autoimmunity, yHV68 infection induces an
immunosuppressed state reminiscent of Compensatory Anti-inflammatory Response
Syndrome (CARS). CARS occurs after severe trauma and infections, resulting in inability to
control secondary infections (20, 21).

Material and Methods

Mice

Except where otherwise indicated six to sixteen week old mice were used for all
experiments. Ars/Al (22), MD4 (23), MD4xMLS5 (23), MyD88~/~ (24), I-Ab~/~ (B6.129S2-

2 Abbreviations: murine gammaherpes virus 68 (yHV68), p-Azophenylarsonate (Ars), Freund's incomplete adjuvant (FIA)
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H2dIAbL-Eally (25) T C Ra ™/~ (B6.129S2-Tcratm1Mom/J) (26), IFNy ™/~ (B6.129S7-
Ifngtm1Ts/J) (27) and IL10~/~ (C57BL/6-1L-10(tm1Cgn) (28) mice have been described
previously.

Bone marrow chimeric mice were created by reconstituting sublethally irradiated C57BL/6
mice (600 rad) with 2x108 Ars/A1 bone marrow cells. The mice were allowed to
reconstitute for at least 6 weeks. Mice were housed and bred in the Biologic Resource
Center at National Jewish Health, with the exception of C57BL/6 mice, which were
purchased from Jackson Laboratories. All experiments with mice were performed in
accordance with the regulations and with approval of National Jewish Health (Denver, CO)
and Institutional Animal Care and Use Committee.

infections

YHV68 clone WUMS (ATCC VR1465) (WT), M1-deficient yHV68 (yHV68-M1Delta511)
(29) and M3-deficient yHV68 (yHV68-M3.stop) (30) were passaged, grown and titered as
previously described (31). Unless mentioned differently, mice were infected with 108 PFU
by i.p. injection in 0.5 ml of DMEM or with 10* PFU administered intranasally in 40 pl of
DMEM or sham-infected with DMEM alone.

Antigens and immunization

To study T-independent antibody responses mice were immunized with 5ug LPS-NPq g or
25pg Ficoll-NPy4 (Biosearch Technologies) in 200 I PBS by i.p. injection. To study T cell
dependent antibody responses mice were immunized with 100 g OVA-Ars; or 100 g
KLH-Arsy4 in Freunds Incomplete Adjuvant (Sigma), 50 g OVA-NP, 5 in 0.5mg
alhydrogel (alum; Brenntag) or SRBC. SRBC were purchased from the Colorado Serum
Company and stored in sterile Alsever's solution at 4 °C. The cells were washed three times
in PBS before use and mice were injected i.p. with 200 pl of 1% SRBC suspension. OVA-
Ars, KLH-Ars and OVA-NP were conjugated in-house.

For experiments with MD4 B cells HEL was chemically coupled to SRBC. One ml packed
SRBC were resuspended in 15 ml PBS containing 5 mg/ml HEL (Sigma). To cross-link, 1ml
of 50 mg/ml 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (Sigma) in PBS
was added, mixed and incubated for 1 h at RT, with occasional mixing. Afterwards the cells
were washed four times in PBS and the conjugation of HEL to the SRBC cell surface was
confirmed by flow cytometry.

Hemagglutination assay

Serum was serially diluted in HBSS in V-bottomed microtiter plates in a 50l volume.
Twenty-five pl 1% SRBC suspension in HBSS and 25 pl of HBSS was added to each well
and plates were incubated at 37°C for one hour. The hemagglutination titer was defined as
the highest dilution where hemagglutination of SRBC was still detected.

Plaque forming cell (PFC) assay

A modified version (32) of the Jerne hemolytic plaque forming cell assay (33) was used.
Briefly, agarose, SRBC, guinea pig serum (as source of C) and spleen cells were plated on a
glass slide and incubated at 37°C for 3 h. Subsequently, hemolytic plaques were counted
“blindly”.

Adoptive transfers

To study the effects of yHV68 infection on antigen specific B cells, B cells from Ars/Al or
MD4 mice were enriched by depletion of CD43™" cells with anti-CD43-conjugated magnetic
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beads (MACS anti-mouse CD43; Miltenyi Biotec). B cells were >97% pure by B220
staining followed by FACS analysis. 2-5x10° B cells in 200 | PBS were adoptively
transferred by i.v. injection. For some experiments B cells were labeled with CFSE (2.5uM
for 3 min) prior to adoptive transfer.

To exclude that defects in T cell priming could account for the observed suppression, in
some experiments we adoptively transferred purified 106 CD4 T cells (MACS anti-mouse
CD4; Miltenyi Biotec), isolated from mice immunized with 0.005% SRBC 4 days earlier.

Flow cytometry

Cells were resuspended in PBS containing 1% FCS and 0.05% sodium azide and incubated
with an optimal amount of biotinylated or directly labeled antibodies. Antibodies directed
against the following molecules were used: B220 (RA3-6B2, BD), CD93 (493, Gift of A.
Rolink), CD86 (GL1, BD), CD23 (B3B4, BD), CD69 (H1.2F3, BD), CD138 (281-2, BD),
IgMP (AF6.78) and IgM2 (RS3.1). RS3.1, AF6.78 and 493 were produced in our own
laboratory and were biotinylated (Pierce) or directly conjugated to Alexa (Invitrogen) or
DyL.ight (Pierce) fluorchromes, according to the manufacturer's protocol. Anti-CD93 was
used biotinylated and was detected with SAFITC. For intracellular detection of anti-HEL
splenocytes were first stained with B220-PerCP and CD138-PE, fixed and permeabilized
with BD Cytofix/Cytoperm™ and stained with HEL-Dylight649 (conjugated in our
laboratory). Events were collected on a FACScaliber or LSRII flow cytometer (BD) and
analyzed using FlowJo software (Tree Star).

Analysis of viral loads

DNA was prepared from whole spleen tissue or isolated B cells (MACS anti-biotin; Miltenyi
Biotec, after staining with anti-B220 biotin) isolated from mock-infected or yHV68-infected
mice using the Qiagen DNeasy Blood and Tissue Kit (Valencia, CA). Genomic DNA
concentrations were measured in triplicates using 260/280nm measurements (NanoDrop,
Biolabs). Viral loads were measured using gPCR by detecting a 70 bp region of the yHV68
gB gene (34). 10 ng of extracted genomic DNA was added to reactions containing SYBR
Green/Rox PCR master mix (SABiosciences), forward
(5'GGCCCAAATTCAATTTGCCT3') and reverse primers
(5'CCCTGGACAACTCCTCAAGCS) ina 25 pl total reaction volume. Each reaction was
supplemented with 30 ng of carrier DNA (pBR322, Sigma). gPCR analysis was done on a
7300 Fast Real-Time PCR System with SDS Ver. 1.4 (Applied Biosystems, Foster City,
CA) consisted of 40 cycles of 15 s at 90°C and 60 s at 60°C. Standard curves were generated
using known amounts of plasmid containing the yHV68 gB gene, while total DNA input
was kept constant at 40 ng per reaction using a plasmid (pBR322, Sigma). Cycle threshold
values for experimental samples were converted to copy numbers of the gB gene. Copy
numbers were standardized to the amount of input DNA and were expressed as copies of
viral geneome per 100 ng DNA. Triplicate measurements were made for each sample.

Analysis of calcium mobilization

For measurements of free intracellular calcium concentration ([Ca2*];), splenocytes from
chimeric mice were first stained with anti-B220 and anti-lgM2 or anti-B220 and anti-lgMP,
washed and subsequently loaded with Indo-1 acetoxymethyl (Indo1-AM) (Molecular
Probes) as described previously (18). The cells were resuspended at 107 cells/ml in warm
IMDM with 2% FCS in a 500l volume. After the baseline was established for 30 seconds,
cells were stimulated with 5 pg rabbit anti-mouse 1IgM (H+L) F(ab"), (Zymed) for 3.5
minutes. Mean [Ca2*]; was measured over time using an LSR 11 flow cytometer (BD) and
analyzed using FlowJo software (Tree Star). To determine the calcium mobilization in Ars/
Al B cells, we gated on the B220*1gMb™~ population of cells stained against B220 and IgMP.

J Immunol. Author manuscript; available in PMC 2013 September 15.
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To determine the calcium mobilization in C57BL/6 B cells, we gated on the B220*IgMa~
population of cells stained against B220 and IgM2.

Enzyme linked immunosorbent assay

For detection of anti-chromatin 1gG antibodies from serum of mice, 96-well microtitre plates
(Costar, Corning, NY) were coated with calf chromatin (10 pg/mL) in PBS with 1mM
EDTA, followed by incubation with blocking buffer solution (2 mg/mL bovine serum
albumin (BSA), 1 mM EDTA, 0.05% Tween-20 in PBS). Mouse serum was serially diluted
in PBS with ImM EDTA and 0.1% Tween-20 and incubated in the 96 well plates overnight
at 4°C. Between all steps the plates were washed 4 times with PBS-0.05% Tween-20. IgG
anti-chromatin antibodies were detected with a HPR-conjugated goat anti-mouse 19G (y
chain-specific) antibody (Southern Biotechnology). The ELISA was developed with TMB
single solution (Invitrogen) and the reaction was stopped with 1N HoPO,4 (Sigma).

For detection of anti-p-Azophenylarsonate (Ars) IgM antibodies microtiter plates were
coated with 10 pg/mL Ars-BSA in PBS. For detection of anti-NP 1gM and 1gG antibodies
microtiter plates were coated with 10 pg/mL NP-BSA in PBS. For detection of anti-HEL
IgM microtiter plates were coated with 10 pg/mL HEL (Sigma) in PBS. Serial dilutions of
mouse serum in PBS 0.1% Tween-20 were added and incubated overnight at 4°C. Ars/Al-
derived IgM anti-Ars antibodies and MD4-derived IgM anti-HEL antibodies were detected
with biotinylated RS3.1 (anti-IgM?), followed by Streptavidin-HRP (Pierce). IgM and 1gG
were detected with rat anti-mouse IgM-HPR (Invitrogen) and goat anti-mouse 1gG-HPR
(Southern Biotechnologies), respectivly. Plates were developed as described above. The OD
was determined at 450 nm using a VERSAMax plate reader (Molecular Devices) and the
data were analyzed with Softmax software.

ANA Detection

Mouse sera were diluted to 1:100 in PBS and incubated with HEp-2 antigen substrate slides
(BION) for 1 hr at RT. The slides were then washed in PBS, stained with anti-mouse 1gG
Alexa488 antibody (Molecular Probes) for 1 hr at room temperature, washed, and mounted
in fluoromount G (Southern Biotech). The slides were analyzed using a Leica DMRXA
microscope (Carl Zeiss) under a 10x objective and further analyzed using Slidebook
software.

Immunohistochemistry

Statistics

Spleens were stored in buffered formalin overnight, paraffin-embedded and cut in 6 pm
sections. The sections were deparaffinized, rehydrated and subjected to antigen retrieval (25
min incubation in citrate buffer (10 mM citric acid, 0.05% Tween 20, pH 6.0) at 96°C). The
slides were washed twice in PBS, blocked with 5% FCS in PBS and stained with anti-
fluorescein rabbit 1gG fraction (Molecular Probes, Invitrogen) (for detection of CFSE
stained cells) followed by goat anti-rabbit IgG-Alexa488 (Molecular Probes, Invitrogen) and
B220-PE (clone RA3-6B2, eBioscience). The slides were washed twice and mounted in
fluoromount G (Southern Biotech). Images were obtained at room temperature using an
inverted Zeiss 200M microscope (Carl Zeiss) under a 10x objective and further analyzed
using Slidebook software.

Statistical analyses were performed with the unpaired Student's t test. P-values <0.05 (*)
were considered statistically significant.

J Immunol. Author manuscript; available in PMC 2013 September 15.
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Results

Anergic B cells transiently acquire an activated phenotype during yHV68 infection, but do
not break tolerance

We began our studies by confirming the previous report that there is an increase in
autoantibody production in wild type C57BL/6 following infection with yHV68 (Fig S1A)
(9). Increased IgG anti-chromatin antibody was detected by ELISA at 14 and 28 days
following infection, and this response also manifested as anti-nuclear antibody staining. To
test whether this increase could be due to a disruption in B cell anergy we assessed the effect
of infection in a transgenic model of B cell anergy, the Ars/A1 mouse (22). These mice
express B cell receptors that have high affinity for the hapten arsonate, and low affinity for a
crossreactive self-antigen, apparently ssDNA, that renders them anergic. We produced bone
marrow chimeric mice containing a wild-type C57BL/6 B cell population (IgMP*) and an
anergic Ars/A1 B cell population (IgM2*), and infected them with yHV68. Despite the fact
that <1% of B cells were infected in normal mice (36, 37) and based on recovery of viral
genomes anergic B cells are similar (Fig S2B), during the course of acute infection the
majority of normal IgMP* B cells acquired an activated phenotype detectable based on
CD69 expression (Fig 1A). Interestingly, anergic B cells (IgM&*) also acquired an activated
phenotype, upregulating CD69 and CD86, and down regulating CD23 and CD93. The
transient loss of CD93 was particularly interesting as we and others have identified the
CD93* cD23N IgM!° surface phenotype as characteristic of anergic murine B cells (16, 17).
Activation marker expression was lost by 29 days following infection, as anergic cells
regained their original phenotype. Thus infection does not lead to permanent loss of the
anergic phenotype, even among cells whose autoantigen is an agonist for TLR7 and TLR9.
In addition, during infection we detected an ~2 fold increase in Ars/Al derived antibodies in
the serum of chimeric mice (Fig 1B). We confirmed that during yHV68 infection in another
model (MD4 x MLJ5), anergic B cells or their descendents also produce more Ig (Fig S1B).

Given these findings we wanted to determine whether infection affects responsiveness of
anergic Ars/Al B cells to antigen. We determined the ability of wild type and Ars/Al B
cells to mobilize calcium upon IgM crosslinking (Fig 1C). Ars/Al B cells in infected mice
did not regain the ability to mobilize calcium. Surprisingly, wild type B cells also displayed
reduced calcium mobilization upon BCR stimulation. To determine if the Ars/Al B cells
were functionally anergic despite their activated phenotype, we immunized infected animals
with Ars-OVA in Freund's incomplete adjuvant (FIA). Ars/Al B cells bind Ars with high
affinity, but under normal circumstances they are unable to mount an antibody response to
arsonate-conjugate immunogens (22). In -yHV68-infected mice, Ars/Al B cells did not
acquire responsiveness to immunization with Ars-OVA (Fig 1D). Thus, while during
YHV68 infection anergic B cells transiently lose surface markers of anergy, acquire an
activated phenotype and produce more immunoglobulin, they remain unresponsive to
immunogen stimulation.

YHV68 infection causes a global suppression of antibody responses

In control experiments we made the unexpected observation that there is general inhibition
of antibody responses in yHV68 infected animals. This seems counterintuitive as yHV68-
infected mice have elevated serum IgM and 1gG levels. Intrigued, we investigated this
further by immunizing mice at different time points following infection (Fig 2A). Wild type
mice failed to mount detectable antibody responses to sheep red blood cells (SRBC) when
immunized 7 days post yHV68 infection. When immunized at day 18 post infection
subsequent anti-SRBC responses were still ~85% suppressed, but at later times the ability to
mount antibody responses recovered. Next we determined the effect of infection on antibody
responses when immunization occurs at the time of, prior to or immediately following
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infection. While antibody responses initiated 2 days prior to infection were equivalent to
those of uninfected mice (Fig 2A and 2B), responses initiated one day prior to infection or
on the day of infection were 65% inhibited (Fig 2B). Responses to immunization following
infection were suppressed 95% when initiated at day 1 and undetectable at day 3-post
infection (Fig 2B), though they varied slightly among experiments. The partial inhibition
observed when animals were immunized at the time of infection could explain the observed
delay and initially poor antibody response to yHV68 (14), assuming that the yHV68-
specific B cells also encounter their antigen at the time of infection.

Suppression of antibody responses was also reflected in greatly reduced generation of
antibody forming cells (Fig 2C). Using a different antigen, OVA-NP in alum, we tested the
effect on antibody responses of infection with different doses of virus and a different route
of infection (i.p. vs i.n.) (Fig 2D). Responses were suppressed regardless of route, and when
as few as 100 virus PFU were injected. The immunogens employed in these experiments
were T cell-dependent. To address the possibility that the observed suppression is due to
failure to generate T cell help, we tested the ability of infected mice to respond to two
different T cell independent antigens, Ficoll-NP and LPS-NP (Fig 2E). For both
immunogens the anti-NP titers in infected mice did not rise above the ~2 fold increased
titers induced by infection alone. To further address the possibility that the observed
suppression is due to a defect in T cell priming when using T-dependent antigens, we
adoptively transferred purified CD4" T cells isolated from mice previously immunized with
the same antigen. Transfer of primed T cells did not restore the ability of the infected
recipients to initiate an antibody response upon immunization (Fig 4A). Collectively these
data demonstrate that yHV68 infection causes a transient suppression of antibody responses
and this is due to inhibition of the B cell response and not a secondary consequence of an
inhibition of T helper cell responses.

While the early stages of antigen-specific B cell responses are unchanged in yHV68-
infected mice, later stages such as proliferation and differentiation are inhibited

To gain more insight into the stage following infection at which B cell responses are
inhibited, we used another B cell receptor transgenic model (MD4) in which the B cells are
specific for hen egg lysozyme (11). Purified MD4 B cells were adoptively transferred into
vYHV68 or sham infected C57BL/6 mice at day 6 post infection. Twenty-four hours later the
mice were immunized with HEL conjugated SRBC and HEL-specific B cell responses
measures thereafter. As observed for in situ B cells in intact mice, purified MD4 B cells
transferred into mice infected with yHV68 failed to mount an antibody response (Fig 3B).
Transferring CFSE-labeled MD4 B cells allowed us to monitor upregulation of activation
markers, cell localization and proliferation to determine if these stages were affected by the
infection process. When adoptively transferred into yHV68 recipients, MD4 B cells
upregulated CD69 and CD86 comparably to B cells in infected mice (Figs. 3C and 1A). In
immunized mice, however, expression of CD69 and 86 on MD4 cells was increased at least
ten fold higher regardless of infection (Fig 3C). Similarly, by 18 hrs post antigen stimulation
the MD4 B cells migrated to the B-T cell boundary regardless of yHV68 infection (Fig 3D).
Fewer cells are detectable in follicles of yHV68 infected mice, but this is likely due to the
fact that infection caused a 3-fold increase lymphocyte numbers diluting the transferred
cells. While the early stages of the B cell response appear to be intact despite infection,
major differences were observed at later stages. Antigen-induced proliferation measured by
dye dilution at 3 days post immunization was almost completely inhibited by infection (Fig
3E), as was plasma cell differentiation measured at 4 days (Fig 3F).

These data indicate that despite a partial inhibition of BCR-mediated calcium responses, B
cells are induced by antigen to upregulate CD69 and CD86, and move to the T/B boundary
in infected animals, but they do not receive signals needed to drive proliferation and
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differentiation into plasma cells. Alternatively, they may be confused by collateral signals
induced by infection.

Environmental factors induced by yHV68 infection cause a suppressed B cell state that is

reversible

While we know that the suppressive state is rapidly induced (Fig 2B), we know little
regarding how it is induced and maintained. To begin to address these questions we
adoptively transferred MD4 B cells from infected or sham-infected mice into infected or
sham-infected C57BL6 recipients. The recipients were immunized with SRBC-HEL at the
time of the cell transfer, and 7 days later IgM2 anti-HEL responses (derived from MD4 B
cells) were measured (Fig 4A). As expected, MD4 B cells from infected mice that were
transferred into infected recipients mounted greatly reduced responses compared to those of
MD4 B cells from sham-infected mice transferred into sham-infected recipients. However,
MD4 B cells from infected mice were perfectly able to respond to immunization after
transfer into sham-infected mice. Conversely, B cells from non-infected mice became
unresponsive to immunogen upon transfer to infected animals. In the experiment shown in
Fig 4A, B cells from sham-infected animals transferred into infected mice mounted poorer
responses than B cells from infected mice transferred into infected mice. This relationship
varied among experiments, however the transferred B cells always adopted the phenotype of
the B cells in the recipient. This phenomenon extends to expression of activation markers.
Within 18 hrs of adoptive transfer to non-infected mice, B cells isolated from infected mice
lost their activated phenotype and, conversely, B cells isolated from non-infected mice
acquired an activated phenotype within 18 hours of transfer to infected mice (Fig 4B). These
results indicate that the suppressive state of the B cells is rapidly reversible and dictated by
factors in the environment (presence of virus and mediators produced in response to the
virus infection) in which the B cells reside.

Previous work by others has demonstrated that some changes in B cells that occur during
vYHV68 infection (polyclonal B cell activation, expansion and elevated serum Ig) are
dependent on CD4* T cells (9, 38). To test whether the affects described here are also
dependent on CD4™* T cells we analyzed responses in MHC class 11 deficient mice (I-Ab™"),
which lack CD4* T cells. As expected, responses to Ficoll-NP, a classical TI type Il antigen,
were robust in I-Ab~/~ mice (Fig 4C). These responses were not affected by yHV68
infection, suggesting involvement of CD4* T cells in yHV68-induced suppression of
antibody responses. Since infection of CD4* T cell deficient mice leads to lower virus
production (39) it was important to exclude the possibility that lack of suppression is merely
a consequence of lower viral titer. We compared viral loads between wild type and I-Ab™/~
mice, and found that while at day 7 post infection splenic viral load is lower in I-Ab™~ mice
compared to wild type mice, viral titers in wild type mice during the first days of infection
are lower or comparable to those in I-Ab~'~ mice at day 7 post infection (Fig S2C). Since the
antibody responses initiated in wild type mice at these early time points are completely
suppressed (Fig 2B) while 1-Ab~'~ mice immunized at day 7 post infection are not
suppressed (Fig 4C), lower viral loads per se are an unlikely explanation for the lack of
suppression. Rather following infection CD4* T cells help to establish the suppressive
environment. A role for T cells was further confirmed by demonstration of lack of
suppression in infected mice lacking T cells due to disruption of the TCR alpha genes (Fig
S3A). While the manner by which CD4 T cells mediate their effects remains a subject of
further study, preliminary experiments have excluded a role for IL10 (Fig S3B) and IFNy
(Fig S3C).
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No role for MyD88 or the virally encoded M1 and M3 proteins in the suppression of
antibody responses

The suppressive environment generated by infection could be a consequence of the host
innate response to the infection or due to viral proteins produced during infection. Two
virally encoded proteins in particular have been shown to have immune modulatory activity
that could affect B cell immune responses. The yHV68-encoded M1 protein acts as a
superantigen for a subset of CD8* T cells (35) and affects their production of cytokines. The
M3 protein is a broad-spectrum chemokine binding protein (40), which binds CXCL13 and
many other chemokines that could affect B cell localization, and has been demonstrated to
affect B cell localization (41). To test the role of these proteins in suppression we assessed
the response to SRBC of mice infected with yHV68 lacking either M1 or M3. All mice
infected with yHV68, sufficient or deficient in M1 or M3, displayed severely inhibited
antibody responses (Fig 5A), indicating that these proteins play no essential role in
suppression of the antibody response.

To explore whether the host innate immune response to yHV68 participates in generation of
the suppressive environment we assessed dependence of suppression on MyD88 expression.
TLR signaling reportedly plays a role in the host response to yHV68 (42, 43) and a
reduction in polyclonal B cell activation has been reported in infected MyD88™/~ mice (44).
However, as shown in figure 5B, we detected no difference in the ability of yHV68
infection to suppress antibody responses in MyD88~/~ mice. Similarly, a preliminary
experiment in mice deficient in STING, a.k.a. MPYS, MITA and TMEM173, a transducer
of signals generated upon sensing of intracellular DNA (45-47), showed antibody responses
to be >95% suppressed after infection. Collectively these results suggest no or only a minor
role for signaling by TLRs or intracellular DNA sensing pathways in yHV68-induced
suppression of antibody responses.

Discussion

Gammaherpesvirus 68 infection results in polyclonal B cell activation and
hypergammaglobulinemia, including elevated autoantibody levels. The data presented in this
paper confirm these findings, but suggest based on a model system of B cell anergy that this
is not attributable to loss of B cell anergy. They further show that yHV68 infection causes
mice to become transiently but profoundly unresponsive to immunization as measured by
antigen receptor signaling, clonal expansion and differentiation to antibody secreting cells.

Increased occurrence of total serum immunoglobulins and autoantibodies seems inconsistent
with concurrent unresponsiveness to immunization. The two most commonly proposed
mechanisms by which autoreactive B cells break tolerance during infection are molecular
mimicry and bystander activation. Diversity of the specificity of autoantibodies produced
during acute yHV68 infection, which ranges from nuclear antigens to collagen (9)(Fig
S1A), argue against crossreactivity between self-antigens and viral antigens. The data
presented herein shows that, at least for anergic B cells, bystander activation does not result
in breakage of tolerance per se. It remains possible that anergic anti-DNA B cells, which
could bind DNA that has virus nucleic acid-binding proteins attached to it, would be helped
by anti-viral CD4 T cells, which then could promote breakage of anergy. However, Ars/Al
B cells (ssDNA binding) remain anergic during infection. We favor the possibility that the
appearance of autoantibodies is a reflection of the general increase in serum IgG. It is
noteworthy that work from the Pelanda group has demostrated a striking correlation between
levels of autoantibodies and levels of total serum IgG in yHV68 infected autoimmune prone
mouse models (48).
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An alternative to bystander activation and mimicry is cell infection driven differentiation
and antibody production. The elevated serum 1gG produced in infected mice is reactive with
a wide variety of antigens, self and foreign. Though the mechanism by which yHV68 infects
B cells is unknown, it seems reasonable to assume that the virus infects B cells regardless of
their BCR specificity. This includes autoreactive ignorant and anergic B cells present in the
periphery. Recently it was shown that transitional B cells, including transitional 3 B cells,
which are autoreactive and anergic (16), are readily infected (49). Once infected, virally
encoded proteins reportedly drive these B cells to participate in the germinal center reaction
and become plasma cells (50, 51), resulting in increased (auto)antibody production. Several
studies have shown a striking enrichment of yHV68-infected B cells in the germinal center
B cell and plasma cell pool (36, 37). Infection driven differentiation of infected B cells into
plasma cells could also explain the discrepancy between the observed hypergammaglobemia
and suppression of antigen-driven antibody responses during infection as reported here.
YHV68-encoded M2 protein drives B cell proliferation and plasma cell differentiation (50,
51), both of which are inhibited in antigen-stimulated B cells in infected hosts (Fig 3E-G).
This suggests a mechanism by which infected B cells are induced to develop into antibody
secreting cells in an otherwise suppressive environment.

To begin to understand how antibody responses are inhibited by infection, we analyzed what
stage of the B cell response is inhibited. Despite the fact that BCR-mediated calcium
signaling is compromised in cells from infected animals, the ability of antigen-specific B
cells to upregulate activation markers after immunization (Fig 3C) suggests that they
respond to antigen. Therefore it is unlikely that there is a defect in antigen transport. In other
viral infection models a distortion of splenic architecture and cellular location has been
reported due to disruption of homeostatic chemokine expression (52, 53). While the splenic
architecture gradually changes during infection possibly as a consequence of M3 function
(40), at day 7 we could still detect largely normal follicular architecture and proper
localization of lymphocytes. Antigen-stimulated B cells still localize at the B-T cell border
after infection (Fig 3D). We have not studied the CD4 T cell response during infection, so at
this time we do not know if antigen-stimulated B cells receive cognate T cell help. However,
since T-cell independent responses are suppressed and the transfer of primed T cells did not
rescue T cell-dependent responses during infection, it is unlikely that the defect in antibody
responses is due to a problem in receiving T cell help. Similarly, we cannot exclude the
possibility that antigen specific T cells acquire suppressive properties due to the infection.
However, once again the fact that T independent antibody responses also are suppressed
argues against this possibility. It appears that the suppressive mechanism must occur early in
B cell activation and proliferation because antibody responses initiated 2 days before
infection develop normally (Fig 2A). The finding that calcium mobilization is reduced in B
cells from infected mice (Fig 1C, WT traces) suggests that BCR signal processing is altered
in these B cells. It is possible that some pathways are still functional, e.g.. those resulting in
CD69, CD86 upregulation after BCR stimulation, while others are not. We are currently
further exploring this possibility.

Inhibition of antibody responses is not unigue to yHV68 infection. A number of viruses
(54-57) and other pathogens (58-61) cause suppression of antibody responses during
infection. The degree and duration of suppression varies between pathogens and a number of
mechanisms have been suggested, ranging from B cell intrinsic effects (56, 59) to suppressor
T cells (58) and myeloid cells (60). A common denominator for all these pathogens is that
they cause polyclonal B cell activation and that suppression seems to coincide with the
polyclonal activation (56-58). Previous work done on yHV68 has shown that the observed
polyclonal B cell activation is dependent on T cells (38) and is mediated via CD40-CD40L
interaction (9). The finding that MHC class 11 deficient mice, which lack CD4* T cells, do
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not suppress antibody responses, is consistent with the possibility that polyclonal B cell
activation induces a suppressed state.

It is possible that polyclonal activation of B cells renders them anergic-like. In addition to
being unable to mount an antibody response, B cells in yHV68-infected mice display
several other characteristics of anergic B cells (15), including elevated basal intracellular
free Ca2* levels, dampened Ca2* influx upon antigen receptor crosslinking (Fig 1C) and
rapid reversibility of unresponsiveness (Fig 4). Classical B cell anergy is thought to be the
consequence of chronic B cell signaling through the B cell receptor (signal 1) in the absence
of a second activating signal from T cells or TLR ligands. Could receiving an activating
signal 2 without signal 1 also result in an anergic-like state? Some experimental data
suggests this could be the case. For example, exposure of B cells to LPS prior to antigen
stimulation has been shown to inhibit antibody responses, both in vitro (62) and in vivo (63).
As mentioned above, B cells reportedly become activated during yHV68 infection through
CDA40-CDA40L interactions (9). Although this interaction is thought to have an activating
effect, several reports show that CD40 ligation can inhibit B cell antibody responses (64,
65). CD40 ligation on B cells in the absence of antigen stimulation can induce generation of
IL10 producing regulatory B cells (66). However, preliminary results indicate that while
during acute yHV68 infections numbers of 1L10 producing B cells and CD4 T cells
increase, CD4* Foxp3™* cell numbers are unchanged (67). Since antibody responses are
suppressed in 1L10~/~ mice (Fig S3B), it is also unlikely that regulatory B cells play a large
role in the effect.

Suppression of B cell/antibody responses due to infection is likely to be a widespread
phenomenon with significant clinical implications. Generalized immune unresponsiveness
has been observed in the clinic after trauma and severe infections, and termed Compensatory
Anti-inflammatory Response Syndrome (CARS). CARS adversely affects the ability of
patients to control secondary infections (20, 21). While B cells have not been carefully
studied in the context of CARS, an anergic-like T cell phenotype has been described (68).
Our data suggest a similar effect on B cells during infection.

Defects in B cell priming during and shortly after infection could affect the efficacy of
vaccination. The majority of the population is infected with EBV during childhood (69).
While in older children and adults EBV infection often cause infectious mononucleosis,
infection of young children causes no or very mild symptoms. If EBV infection causes
immune suppression similar to its murine counterpart, with duration of over 30 days, it
could have important implications for effectiveness of vaccination. This is especially true
since most vaccinations are given during the time of life when EBV infections are usually
acquired. Specifically, vaccination may be contraindicated for a period following EBV
infection.

On the other hand, emerging data indicate that there can be protective effects of infection on
the development of autoimmunity. Infection of NOD mice with yHV68 causes a delay in
disease onset (70) and infection of B6.Sle123 mice with gHV68 inhibits the development
and progression of lupus-like disease (48). Given the critical roles of B cells in these
autoimmune diseases, suppression of B cell function by viral infections, as described in this
study, could mediate beneficial functions for the host.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Anergic B cellsacquire an actived phenotype during yHV68 infection but do not break
tolerance

A-D) Ars/A1-C57BL/6 chimeric mice were infected with yHV68 or sham-infected (n=5/
group). A) On the indicated days post infection the cell-surface phenotype was determined
of the Ars/A1 B cells (B220*IgM?&*) and the C57BL/6 B cells (B220*IgM?&"). Data from
infected mice is presented as thick lines, data from uninfected control mice as filled
histograms, representative histograms are shown. B) Ars/Al derived serum antibody (IgM?
anti-Ars) at day 12 post infection (OD405 at 1:40 serum dilution). C) At day 13 post
infection spleen cells from chimeric mice were stained with anti-lgM&B220 or anti-IgM®/
B220, loaded with indo-1 and stimulated with 5pg F(Ab), anti-lgM. Changes in
intracellular calcium in Ars/Al B cells was determined by gating on B220*1gMP~ events,
C57BL/6 (WT) by gating B220*1gM2~ events. D) chimeric mice were immunized i.p. with
100pg OVA-Ars/FIA 3 days post infection, 13 days later serum was collected and the IgM2
anti-Ars response was determined. Error bars show SEM, * p<0.05. All data is
representative of at least 2 independent experiments.
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Figure 2. yHV68 infection causes a global suppression of antibody responses

A-B) C57BL/6 mice were infected with yHV68 or sham-infected. At the indicated days the
mice (n=5/ group) were immunized with SRBC or left unimmunized. Seven days later blood
was collected and the IgM anti-SRBC response was determined by hemagglutination. C)
C57BL/6 mice (n=5/ group) were infected with yHV68 or sham-infected and immunized
with SRBC seven days later. Five days post immunization spleens were collected and the
number of IgM anti-SRBC producing B cells was determined by plaque assay. D) C57BL/6
mice (n=5/ group) were infected with different doses and different routes as indicated or
sham-infected. On day 9 post infection the mice were immunized with 50 pg OVA-NP/alum
i.p. and 15 days later the serum IgG anti-NP response was determined by ELISA. E)
C57BL/6 mice (n=5/ group) were infected with yHV68 or sham-infected. Seven days later
mice were immunized with 25ug Ficoll-NP, 5ug LPS-NP or left unimmunized. Seven days
later serum was collected and the IgM anti-NP response was determined by ELISA. Error
bars show SEM, * p<0.05. Statistics were calculated with a student t-test, comparing the
response of each individual group with that of the sham infected control group. All data is
representative of at least 2 independent experiments.
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Figure 3. While early stages of antigen-specific B cell responses areintact during yHV68
infection, proliferation and differentiation areinhibited

A) Experimental design. B-G) B cells isolated from MD4 mice (CFSE labeled in C-E) were
adoptively transferred into yHV68 or sham-infected C57BL/6 mice on day 6 post infection.
Twenty-four hours later the mice were immunized with 100l 10% SRBC-HEL. B) Seven
days later serum was collected and the IgM? anti-HEL response was determined by ELISA
(n=5/ group). C) 18 hrs after immunization the cell surface expression of CD69 and CD86
on MD4 B cells transferred into sham-infected (black, unimmunized; green, immunized) or
gHV68-infected mice (blue, unimmunized; red, immunized) (n=5/ group) was determined
by gating on B220* CFSE™ cells. Representative histograms are shown. D) 18 hrs after
immunization spleens were collected, sectioned and stained for MD4 B cells (green) and B
cells (red) (n=5/ group) Representative sections are shown. E) 72 hrs after immunization
spleens were collected and CFSE dilution in MD4 B cells was determined in unimmunized
mice (filled) and SRBC-HEL immunized mice (thick line) by gating on B220*1gM* cells.
Representative histograms are shown. The average % = SEM of cells which have undergone
>1 round of division is show. The difference between the yHV68-infected and sham-
infected group is statistically significant (p<0.05) F) 106 hrs after immunization spleens
were collected and stained for B220, CD138 and intracellular anti-HEL. The displayed plots
are gated on B220* cells (n=4/ group). Representative plots are shown. G) The number of
plasmablasts/spleen are plotted, calculated as % CD138+ intracellular HELM cells (F) x total
splenocytes. Error bars show SEM. All data is representative of at least 2 independent
experiments.
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Figure 4. Suppression of antibody responsesin caused by the environment in theinfected host
A) MD4 and C57BL/6 mice were infected with yHV68 or sham infected. Six days later B
cells from yHV68-infected or sham-infected MD4 mice were purified and adoptively
transferred into -yHV68-infected or sham-infected C57BL/6 mice by i.v. injection. All mice
also received CD4* T cells isolated from mice primed 4 days earlier with SRBC. At the time
of transfer the mice were immunized with 100l 10% SRBCHEL by i.p. injection. Seven
days later serum was collected and the IgM@ anti-HEL response was determined by ELISA
(n=5/ group). B) Isolated B cells from mice infected 8 days earlier or from sham-infected
mice were CFSE labeled and adoptively transferred into yHV68-infected or sham-infected
C57BL/6 mice. Sixteen hours later spleens were collected and the CD69 expression was
determined on B220* CFSE* cells (n=4/ group). Representative histograms are shown. C)
C57BL/6 and I-Ab~/~ mice (n=5/ group) were infected with yHV68 or sham infected. Seven
days later the mice were immunized with Ficoll-NP or left unimmunized. After seven days
blood was collected and the IgM anti-NP response was determined by ELISA. Error bars
show SEM. All data is representative of at least 2 independent experiments.
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Figure5. Norolefor MyD88 or thevirally encoded M1 and M3 proteins during yHV68-induced
suppression

A) C57BL/6 mice we infected with wild type yHV68 or yHV68 deficient in M1 or M3
(n=5/group). Seven days later the mice were immunized with 200l of 1% SRBC i.p. . After
seven days blood was collected and the IgM anti-SRBC response was determined by
hemagglutination. B) C57BL/6 and MyD88~/~ mice were infected with yHV68 or sham
infected (n=5/group). Seven days later the mice were immunized with 200l of 1% SRBC
i.p.. After seven days blood was collected and the IgM anti-SRBC response was determined
by hemagglutination. All data is representative of at least 2 independent experiments.
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