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While antiviral antibody plays a key role in resistance to acute viral infection, the contribution of antibody
to the control of latent virus infection is less well understood. Gammaherpesvirus 68 (�HV68) infection of mice
provides a model well suited to defining contributions of specific immune system components to the control of
viral latency. B cells play a critical role in regulating �HV68 latency, but the mechanism(s) by which B cells
regulate latency is not known. In the experiments reported here, we determined the effect of passively
transferred antibody on established �HV68 latency in B-cell-deficient (B-cell�/�) mice. Immune antibody
decreased the frequency of cells reactivating ex vivo from latency in splenocytes (>10-fold) and peritoneal cells
(>100-fold) and the frequency of cells carrying latent viral genome in splenocytes (>5-fold) and peritoneal
cells (>50-fold). This effect required virus-specific antibody and was observed when total and virus-specific
serum antibody concentrations in recipient B-cell�/� mice were <8% of those in normal mice during latent
infection. Passive transfer of antibody specific for the lytic cycle �HV68 RCA protein, but not passive transfer
of antibody specific for the v-cyclin protein or the latent protein M2, decreased both the frequency of cells
reactivating ex vivo from latency and the frequency of cells carrying the latent viral genome. Therefore,
antibody specific for lytic cycle viral antigens can play an important role in the control of gammaherpesvirus
latency in immunocompromised hosts. Based on these findings, we propose a model in which ongoing pro-
ductive replication is essential for maintaining high levels of latently infected cells in immunocompromised
hosts. We confirmed this model by the treatment of latently infected B-cell�/� mice with the antiviral drug
cidofovir.

Infection by herpesviruses leads to the establishment of life-
long latency in different tissues (20, 25). Reactivation of her-
pesviruses from latency, or the expansion of latently infected
cells, in immunocompromised hosts is thought to contribute to
herpesvirus-induced diseases (25, 37). However, the precise
mechanisms by which the host limits latent infection or reac-
tivation from latency are incompletely understood.

Human gammaherpesviruses such as Epstein-Barr virus and
Kaposi’s sarcoma-associated herpesvirus (human herpesvirus
8) establish latent infection and are associated with chronic
diseases, including lymphoma in immunocompromised pa-
tients. One of the difficulties in studying the immune control of
gammaherpesvirus latency and reactivation has been the lack
of a suitable small animal model. Since murine gammaherpes-
virus 68 (�HV68) establishes latent infection in laboratory
mice and is associated with the induction of lymphomas (34;
unpublished observations), infection of mice with �HV68 pro-
vides a tractable small animal model for studying mechanisms

of gammaherpesvirus latency and chronic disease (6–8, 28, 32,
34, 35, 45, 47).

Acute �HV68 infection in mice lasts for about 2 weeks, after
which latency is established (4, 43, 46). �HV68 establishes a
latent infection in B cells, macrophages, dendritic cells, and
perhaps epithelial cells (9, 33, 36, 46, 49). In addition to being
a site of �HV68 latency, B cells play a number of different roles
in �HV68 pathogenesis. After intraperitoneal (i.p.) inocula-
tion, B cells are required for normal levels of splenic replica-
tion during acute infection but are not required for the estab-
lishment of splenic latency (46, 48). After intranasal
inoculation of �HV68 into B-cell-deficient (B-cell�/�) mice, ex
vivo reactivating virus was detectable in peritoneal cells but not
in the spleen at 7 weeks postinfection (p.i.) (48). Another
report also indicates that B cells are required for splenic la-
tency when the virus is administered by the intranasal route of
infection (41). In addition, B-cell�/� mice die over 200 days of
infection and develop severe chronic arteritis restricted to the
great elastic arteries (47). Elastic arteritis is due to the chronic
productive infection of smooth muscle cells of the elastic me-
dia (6–8, 47). Additional data demonstrating the presence of
ongoing productive infection in B-cell�/� mice was provided
by Stewart et al., who found evidence for replicative linear
forms of the �HV68 genome in the lungs of �HV68-infected
B-cell�/� mice 8 weeks after infection (33). In addition to
ongoing productive infection in specific anatomic sites,
B-cell�/� mice exhibit abnormal regulation of latency with
increases in both the number of splenocytes and peritoneal
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cells that reactivate ex vivo from latency and the number of
peritoneal cells carrying the latent viral genome (46, 48).

While B-cell�/� mice have a number of abnormalities during
�HV68 infection, the mechanism(s) responsible for these
changes in pathogenesis is not known. One possible role for B
cells is in the secretion of virus-specific antibody. The virus-
specific antibody response to �HV68 develops slowly (30) and
is long lasting, but the importance of sustained humoral im-
munity is not completely understood. Kim et al. have shown
that antibody can limit recrudescence from latency in T-cell-
depleted CD28�/� mice, showing that antibody can contribute
to the control of chronic infection in immunodeficient mice
(21). This observation is similar to that made in the studies of
Polic et al. demonstrating an increased dissemination of mu-
rine cytomegalovirus in T-cell-depleted B-cell�/� mice com-
pared to that in T-cell-depleted normal mice (24).

To determine whether there is a role for virus-specific anti-
body in controlling the establishment, maintenance, and/or ex
vivo reactivation of �HV68 from latency, we used the passive
transfer of antibody into B-cell�/� mice. We found that poly-
clonal antiviral antibody and antibody specific for a lytic cycle
viral protein can play a significant role in the regulation of
�HV68 latency. These data support a model in which persis-
tent, productive viral replication contributes to the high levels
of latency observed in immunocompromised hosts. Studies us-
ing the viral DNA synthesis inhibitor cidofovir further support
this model.

MATERIALS AND METHODS

Viruses and tissue culture. �HV68 clone WUMS (ATCC VR1465) was pas-
saged and grown, and the titers of the virus in NIH 3T12 cells or BALB/c or
C57BL/6 murine embryonic fibroblasts (MEFs) were determined as described
previously (43). Viral stocks were generated from NIH 3T12 cells infected at a
multiplicity of infection of 0.05 and harvested at a 50% cytopathic effect (CPE)
(43).

Mice, infections, and organ harvests. B-cell�/� mice backcrossed onto a
C57BL/6 background (46) were bred and maintained at the Washington Uni-
versity School of Medicine, Saint Louis, Mo., in accordance with all federal and
university policies. C57BL/6J (B6) mice were purchased from the Jackson Lab-
oratory. Unless otherwise stated, mice were age and sex matched, used between
7 to 10 weeks of age, and infected with 106 PFU of �HV68 by i.p. injection in 0.5
ml of complete Dulbecco’s modified Eagle medium (4, 43). For the data pre-
sented here, peritoneal cells and spleen tissue were harvested and processed as
described previously from groups of five mice per experiment in two independent
experiments (10 mice total per condition) (4, 43, 46).

Quantitation of cells harboring the �HV68 genome. The frequency of cells
harboring the �HV68 genome was determined by a limiting-dilution nested-PCR
assay that amplifies �HV68 gene 50 sequences with single-copy sensitivity (48,
49). Briefly, peritoneal cells and splenocytes were frozen in 10% dimethyl sul-
foxide at �80°C, thawed, counted, resuspended in isotonic buffer, and serially
diluted into 96-well PCR plates. Uninfected NIH 3T12 cells were added so that
each well contained 104 cells. Cells were then lysed in proteinase K, and nested
PCR was performed (48, 49). Ten PCRs were analyzed for each cell dilution,
with six dilutions per sample per experiment. Control reactions in each experi-
ment included uninfected cells alone (six reactions/plate) or cells with 10, 1, or
0.1 copies of plasmid DNA containing the target sequence (six reactions/plate
each). There were no false-positive reactions in the assays reported here, and all
assays demonstrated approximately one-copy sensitivity for plasmid DNA, with
control reactions containing 10, 1, and 0.1 copies of plasmid DNA positive in 88,
39, and 6% of all reactions, respectively.

Ex vivo reactivation from latency. The frequency of cells reactivating from
latency ex vivo was determined by using a limiting-dilution reactivation assay (46,
48). Briefly, peritoneal cells and splenocytes were harvested 42 or 65 days p.i. and
plated in a serial twofold dilution (starting at 4 � 104 peritoneal cells and 105

splenocytes per well) onto MEF monolayers in 96-well plates. Twenty-four wells
were plated per dilution, and 12 dilutions were plated per sample. Wells were

scored microscopically 21 days later for viral CPE. When CPE was difficult to
discern at high cell numbers, wells were replated onto fresh MEFs and the CPE
was assessed. Preformed virus in tissues was detected by plating parallel cell
samples that had been subjected to mechanical disruption. Mechanical disrup-
tion does not inactivate virus but kills �99% of cells, and thus, samples treated
in this way detect preformed virus rather than virus reactivating from latency (46,
48, 49).

Serum harvest, passive transfer, and antibody ELISA. For serum collection,
peripheral blood was collected from the retro-orbital sinus of the donor (naive or
day 42-�HV68-immune mice) or recipient B-cell�/� mice and serum separation
was performed by using Microtainer serum separator tubes (Becton Dickinson,
Franklin Lakes, N.J.) and then stored at �20°C until passive transfer into mice
or determination of antibody concentration by enzyme-linked immunosorbent
assay (ELISA). Rabbit polyclonal �HV68-specific antiserum was raised by in-
jecting 6 � 106 PFU of virus (passaged in RK13, a rabbit kidney cell line with
10% rabbit serum) and harvesting serum at 4 weeks after the first boost (47).
Serum collected prior to infection served as a preimmune control. In passive
antibody transfer experiments, 100 �l of naive or �HV68-immune (mouse or
rabbit) serum was given i.p. For the �HV68-specific immunoglobulin G (IgG)
assay, plates were coated with a 1% final concentration of paraformaldehyde-
fixed viral antigen or mock antigen in coating buffer (0.1 M Na2CO3, 0.2% NaN3,
pH 9.6). For assay of total IgG by ELISA, plates were coated with a 1-�g/ml
concentration of donkey anti-mouse IgG (Jackson Immunoresearch, West
Grove, Pa.) or donkey anti-rabbit IgG (Jackson Immunoresearch) in coating
buffer, incubated at 37°C for 2 h, and blocked with 3% bovine serum albumin in
coating buffer. After washing the plates with ELISA wash buffer (0.15 M NaCl,
0.05% Tween 20), serum samples or mouse or rabbit IgG standards were added
to each well after a serial threefold dilution in ELISA III buffer (0.15 M NaCl,
0.001 M EDTA, 0.05 M Tris-HCl, 0.05% Tween 20, 0.1% bovine serum albumin)
and then incubated at 37°C for 3 h. Plates were then washed, and horseradish
peroxidase-conjugated goat anti-mouse (Jackson Immunoresearch) or goat anti-
rabbit (Jackson Immunoresearch) IgG was added at a 1:5,000 dilution and
incubated for 2 h at 37°C. Plates were then washed, and 50 �l of ABTS substrate
[2,2�-azinobis(3-ethylbenzthiazolinesulfonic acid), diamino salt (Sigma A1888)]
diluted in substrate buffer (0.1 M sodium citrate, 0.016% [vol/vol] H2O2) was
added. The reaction was stopped after 10 min with 0.2 N 85% phosphoric acid,
and the plates were read in a microplate reader (model 550; Bio-Rad Labs,
Hercules, Calif.). The concentration of antibody in the serum samples was
determined by using a standard curve generated by serially diluting mouse IgG
(Jackson Immunoresearch) or rabbit IgG (Jackson Immunoresearch) in the
same assay.

Virus neutralization assay. Virus neutralization assays were performed using
an adaptation of a previously described assay (15, 22). Briefly, 104 PFU of virus
in 80 �l was incubated with 10 �l of various dilutions of antibody at 37°C for 1 h,
followed by plaque assay to quantitate the amount of virus. Wild-type �HV68
incubated with rabbit serum generated to �HV68 served as the positive control
(47). For the negative control, a �HV68 RCA protein-deficient virus was incu-
bated with rabbit antiserum generated to recombinant �HV68 regulator of
complement activation (RCA) protein (18). Percent neutralization was mea-
sured based on virus titer in samples containing no antibody.

Antiviral therapy. As described previously (6, 8), cidofovir (Vistide; Gilead
Sciences, Foster City, Calif.) was diluted in low-endotoxin phosphate-buffered
saline (PBS) to 6.25 mg/ml and filter sterilized. �HV68-infected B-cell�/� mice
were given cidofovir or PBS subcutaneously every 3 days beginning from day 16
in the scruff of the neck at a dose of 25 mg/kg of body weight (80 to 150
�l/mouse). Individual mice were weighed prior to each injection.

Statistical methods. All data were analyzed by using GraphPad Prism software
(San Diego, Calif.). Frequencies were obtained from the cell number at which
63% of the wells scored positive for either reactivating virus or the presence of
viral genome based on Poisson distribution. Data were subjected to nonlinear
regression analysis to obtain the single-cell frequency for each limiting-dilution
analysis. The frequencies of reactivation and genome-positive cells were statis-
tically analyzed by paired t test. Data from virus neutralization assays were
analyzed by using the Mann-Whitney test.

RESULTS

Passive transfer of antiviral antibodies into �HV68-infected
B-cell�/� mice decreases the frequency of cells that reactivate
from latency ex vivo. Previous reports showed that acute in-
fection in peritoneal cells and splenocytes is cleared and la-
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tency is established by 16 days after infection in B6 (4, 43, 46)
and B-cell�/� (48) mice. This was confirmed by the lack of
significant preformed infectious virus in mechanically dis-
rupted samples throughout the experiments reported here. To
address the role of virus-specific antibody in the regulation of
�HV68 latency, we infected B-cell�/� mice and waited until
clearance of acute infection before passively transferring im-
mune or naive mouse serum on days 16, 23, and 30 of infection
(Fig. 1, Protocol A). We delayed passive transfer until day 16
to avoid antibody effects on acute infection that might alter
�HV68 latency. On day 42 of infection, we determined the
frequency of latently infected cells that reactivated from la-
tency ex vivo. B-cell�/� mice that did not receive any serum
served as a control for the administration of nonimmune an-
tiserum.

As reported previously (48), the frequency of peritoneal
cells reactivating ex vivo from latency in B-cell�/� mice was
about 30-fold higher in peritoneal cells (P � 0.0005; Fig. 2A,
left panel) and �5-fold higher in spleen (P � 0.008; Fig. 2A,
right panel) than in B6 mice. The precise increase in latently
infected spleen cells in B-cell�/� mice compared to that in B6
mice could not be determined since the frequency of cells
reactivating from latency in B6 splenocytes did not reach a
sufficiently high level to allow the application of Poisson sta-
tistics.

Strikingly, peritoneal cells from B-cell�/� mice given im-
mune serum showed a �100-fold decrease in the frequency of
cells reactivating from latency (Fig. 2A, left panel) compared
to that of the B-cell�/� mice given naive mouse serum (P �
0.0001) or untreated B-cell�/� mice (P � 0.0001). Splenocytes
from the same mice showed a �10-fold decrease in cells reac-
tivating from latency in mice given immune serum (Fig. 2A,
right panel) compared to that in the mice given naive serum (P
� 0.008) or untreated B-cell�/� mice (P � 0.009).

We confirmed these results obtained with mouse antiserum
by using polyclonal anti-�HV68 antiserum from rabbits (47)
(Fig. 1, Protocol B, and 2B). �HV68-infected B-cell�/� mice
were treated with either preimmune or �HV68-immune rabbit
serum, and the frequency of peritoneal cells and splenocytes
reactivating from latency was determined 65 days after infec-

tion. As shown in Fig. 2B (left panel), peritoneal cells from
�HV68-immune serum recipient mice showed a �100-fold de-
creased reactivation in peritoneal cells compared to that found
in the mice given preimmune serum (P � 0.0001) or untreated
B-cell�/� mice (P � 0.0001). Splenocytes from the same mice
showed a �5-fold decrease in cells reactivating from latency in
mice given immune serum (Fig. 2B, right panel) compared to
that from the mice given preimmune serum (P � 0.02) or
untreated B-cell�/� mice (P � 0.01).

We considered the possibility that decreased reactivation
from latency after the passive transfer of antiviral antibody was
due to effects of antibody in the ex vivo reactivation assay
rather than in vivo effects relevant to the control of viral la-
tency. We viewed this as unlikely since cells were washed ex-
tensively prior to coculture with MEFs to detect reactivation
from latency. To experimentally address this concern, we
tested the effects of anti-�HV68 antibody added directly to the
ex vivo reactivation assay. Direct addition of �HV68-immune
serum (1:500 or 1:50 dilution) in vitro to the reactivation cul-
tures did not alter the frequency of cells reactivating from
latency compared to that of the reactivation cultures with no
antiserum added (Fig. 2C).

Antiviral antibody decreases the frequency of cells that
carry the viral genome in B-cell�/� mice. Changes in the fre-
quency of cells reactivating ex vivo from latency may be due to
changes in the frequency of latently infected cells or changes in
the efficiency with which cells reactivate from latency in ex vivo
reactivation cultures (38). We therefore determined the effects
of antiviral antibody on the frequency of cells carrying the viral
genome by using a limiting-dilution PCR assay.

While the frequency of spleen cells carrying the latent viral
genome was comparable in B6 and B-cell�/� mice (Fig. 3, right
panel), peritoneal cells from B-cell�/� mice had fivefold more
cells carrying the latent viral genome than the peritoneal cells
from B6 mice (P � 0.054; Fig. 3, left panel). This is in agree-
ment with a previous report on the frequency of cells carrying
the viral genome in latently infected mice (48). The decrease in
the frequency of cells reactivating from latency was associated
with a �50-fold decrease in the frequency of peritoneal cells
carrying the latent viral genome in mice given immune mouse

FIG. 1. Serum transfer protocol. Groups of B-cell�/� mice were infected with 106 PFU of �HV68 i.p. and transferred i.p. with serum by
following either protocol A (days 16, 23, and 30 p.i.) or protocol B (days 42, 49, and 56 p.i.). Serum recipient B-cell�/� mice and untreated B-cell�/�

mice were sacrificed on day 42 or 65 for analysis of latency.
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serum (Fig. 3, left panel) compared to that in the mice given
naive serum (P � 0.014) or untreated B-cell�/� mice (P �
0.006). The frequency of splenocytes carrying the viral genome
was decreased �5-fold by the transfer of immune mouse serum

(Fig. 3, right panel) compared to that of the transfer of naive
serum (P � 0.02) or untreated B-cell�/� mice (P � 0.03).
Similar to the results found with the transfer of mouse serum,
transfer of immune rabbit serum decreased the frequency of

FIG. 2. �HV68-specific antibody transfer decreases the frequency of ex vivo reactivation and genome-positive cells. �HV68-infected B-cell�/�

mice were transferred with mouse serum (naive or �HV68-immune) by using transfer protocol A (A) or rabbit serum (preimmune or �HV68-
immune) by using transfer protocol B (B) (Fig. 1). Control B6 and B-cell�/� mice did not receive any serum. Peritoneal cells (PEC) and splenocytes
(Spleen) were harvested at 42 days p.i. (panel A) or 65 days p.i. (panel B) for quantitation of the frequency of cells reactivating from latency.
(C) Continuous lines with filled symbols represent reactivation cultures to which immune serum was added at a 1:500 dilution; dashed lines with
open symbols represent reactivation cultures to which immune serum was added at a 1:50 dilution. Preimmune and immune refer to in vivo
treatment; in vitro immune refers to serum added to the ex vivo reactivation assay. Data represent the results from two separate experiments (mean
	 standard error of the mean), with each experiment containing cells pooled from five mice.
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genome-positive cells compared to that in either the preim-
mune serum-treated or untreated B-cell�/� mice (data not
shown). These data show that passive transfer of immune se-
rum dramatically decreased the frequency of cells carrying the
latent viral genome.

Effects of antibody on latency occur at physiologically rele-
vant antibody concentrations. To determine whether the ef-
fects of antibody we observed occurred at physiologically rel-
evant antibody concentrations, we analyzed donor and
recipient antibody levels. Analysis of the transferred serum for
total IgG and virus-specific IgG by ELISA showed that the
transferred (100 �l) mouse and rabbit serum contained similar
concentrations of total IgG and virus-specific IgG (Table 1).
These antibody concentrations are the physiologic levels seen

in mice or rabbits that have recovered from �HV68 infection.
Analysis of serum from recipient B-cell�/� mice terminated at
day 42 or 65 p.i. showed that both total IgG and virus-specific
IgG were detectable. Comparison of antibody concentrations
in the serum of normal mice after infection to concentrations
in B-cell�/� recipients of immune serum showed that there was
30-fold less total IgG and 10- to 12-fold less �HV68-specific
IgG in recipients of passively transferred antiserum than that
observed in normal mice after infection (Table 1). These data
show that the effects of the passive transfer of antiviral anti-
body on viral latency observed in B-cell�/� mice occur at
antibody concentrations that are 
10% of those observed in
normal mice after infection.

Antibodies specific to a �HV68-lytic antigen regulate the
frequency of latently infected cells in B-cell�/� mice. To de-
termine the antigen specificity of the anti-�HV68 antibody that
regulated latency, polyclonal rabbit sera specific for the �HV68
lytic cycle protein v-RCA (expressed on the virion surface [see
below], on the infected cell surface [19], and as a soluble form
[19]), the lytic cycle protein v-cyclin (expressed intracellularly)
(43), and the latent �HV68 protein M2 (expressed intracellu-
larly in latent cells) (14, 16) were used for passive-transfer
experiments. Groups of �HV68-infected B-cell�/� mice were
given antiserum on days 16, 23, and 30 p.i. (Fig. 1, Protocol A).
B-cell�/� mice that received preimmune rabbit serum or the
polyclonal �HV68-immune rabbit serum served as the control
groups. Peritoneal cells and splenocytes were harvested on day
42 p.i., and the frequency of ex vivo reactivation and genome-
bearing cells was determined. Interestingly, v-RCA-specific se-
rum recipient B-cell�/� mice showed a frequency of reactivat-
ing peritoneal cells �100-fold lower (P � 0.0001; Fig. 4A, left
panel) than that for mice receiving preimmune serum, M2-
specific antiserum, or v-cyclin-specific antiserum. Splenocytes
from the same mice showed a �5-fold decrease in cells reac-
tivating from latency in mice given v-RCA-specific antiserum
(Fig. 4A, right panel) compared to that in mice given preim-
mune serum (P � 0.012), M2-specific antiserum (P � 0.017),
or v-cyclin-specific antiserum (P � 0.014). Also, the v-RCA-
specific antiserum recipient B-cell�/� mice showed a �50-fold

FIG. 3. �HV68-specific antibody transfer decreases the frequency of genome-positive cells. Groups of B-cell�/� mice were infected with 106

PFU of �HV68 and transferred with naive or �HV68-immune mouse serum by using transfer protocol A (Fig. 1). Control B6 and B-cell�/� mice
did not receive any serum. Peritoneal cells (PEC) and splenocytes (Spleen) were harvested at day 42 p.i. for quantitation of the frequency of latently
infected cells. Data represent the results from two separate experiments (mean 	 standard error of the mean), with each experiment containing
cells pooled from five mice.

TABLE 1. Concentration of total IgG and virus-specific IgG in
mouse and rabbit sera before and after transfer to B cell�/� mice

Serum Total IgG (�g/ml) �HV68-specific IgG
(�g/ml)a

Donor serum
Mouseb

Naive 5,661 UD
�HV68-immune 6,113 192

Rabbitc

Preimmune 6,831 UD
�HV68-immune 8,642 170

Recipient serumd

Mouse
Naive 180 	 16 UD
�HV68-immune 487 	 110 15 	 3

Rabbit
Naive 230 	 32 UD
�HV68-immune 795 	 157 25 	 4

a UD, undetectable.
b Values represent the concentration of total IgG and �HV68-specific IgG in

donor serum samples pooled from 10 individual mice.
c Values represent the concentration of total IgG and �HV68-specific IgG in

the serum from a single rabbit before and after infection with �HV68.
d Values (mean 	 standard error of the mean) represent the concentration of

total IgG and �HV68-specific IgG in serum samples from five recipient B-cell�/�

mice per experiment in two separate experiments.
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decreased frequency of genome-bearing peritoneal cells (P �
0.0001; Fig. 4B, left panel) compared to that for the mice that
received preimmune serum, M2-specific antiserum, or v-cyclin-
specific antiserum. The frequency of splenocytes carrying the
viral genome was decreased �5-fold by the transfer of v-RCA-
specific antiserum (Fig. 4B, right panel) compared to that by
the transfer of preimmune serum (P � 0.021), M2-specific
antiserum (P � 0.034), or v-cyclin-specific antiserum (P � 0.043).

We characterized the antisera for specific viral proteins in
neutralization assays to determine whether the target proteins
were expressed on the virion. �HV68-specific antiserum and
RCA-specific antiserum efficiently neutralized �HV68 (Fig. 5).
Virus neutralization occurred at equivalent levels with �HV68-
specific antiserum (P � 0.0002 at a 1:100 dilution and P �
0.0004 at a 1:10,000 dilution) and v-RCA-specific antiserum (P
� 0.0003 at a 1:100 dilution and P � 0.0002 at a 1:10,000
dilution) compared to that with preimmune serum (Fig. 5).
Virus neutralization by anti-RCA protein antibody was protein
specific since a v-RCA protein-deficient virus (�HV68-RCA-
stop) (18) was not neutralized by the anti-RCA polyclonal
antiserum but rather was neutralized by polyclonal anti-�HV68
antiserum (Fig. 5). These data show that the �HV68 RCA

FIG. 4. Antibody to a viral lytic cycle protein regulates the frequency of genome-positive cells and ex vivo reactivation. Groups of B-cell�/� mice
were infected with 106 PFU of �HV68 and given preimmune serum, �HV68-specific antiserum, or �HV68 protein-specific antiserum by following
transfer protocol A (Fig. 1). Peritoneal cells (PEC) and splenocytes (Spleen) were harvested at 42 days p.i. for quantitation of the frequency of
cells reactivating virus (A) and the frequency of latently infected cells (B). Data represent the results from two experiments (mean 	 standard error
of the mean), with each experiment containing cells pooled from five mice.

FIG. 5. �HV68-specific antibody and v-RCA-specific antibodies
neutralize lytic virus in vitro. �HV68 virus was incubated with dilutions
of antibody and plaque assayed. As a positive control, wild-type
�HV68 was incubated with rabbit antiserum generated to �HV68 (47).
As a negative control, a �HV68 RCA protein-deficient virus was in-
cubated with rabbit antiserum generated to recombinant �HV68 RCA
protein. Percent neutralization was measured based on virus titer in
samples containing no antibody. Data (mean 	 standard error of the
mean) represent the results from two independent experiments.
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protein is present on the surface of the virion, as well as on
infected cells and in a secreted form (19).

Antiviral therapy decreases the frequency of viral genome-
positive cells in B-cell�/� mice. The above data show that
antibody can effectively limit the frequency of latently infected
cells in B-cell�/� mice and that antibody specific for a lytic
cycle protein is effective in this role. Since previous work dem-
onstrated replicative linear forms of �HV68 genome in lungs
of �HV68-infected B-cell�/� mice 8 weeks after infection (33)
and we have noted persistent replication in arteritic lesions in
these mice (unpublished observations), these data suggest a
model in which antibody to a lytic cycle protein can decrease
the frequency of latently infected cells by breaking a cycle in
which lytic replication contributes to the pool of latently in-
fected cells in B-cell�/� mice. If this is the case, then interrup-
tion of lytic replication with a viral DNA synthesis inhibitor
should decrease the frequency of cells carrying latent viral
genome in B-cell�/� mice. Treatment with the antiviral drug
4�-S-EtdU can delay the establishment of latency (1), providing
further support for this hypothesis. To test this prediction,
�HV68-infected B-cell�/� mice were treated with either cido-
fovir or PBS by following a previously established protocol (6,
8). The dose of cidofovir selected effectively inhibits viral rep-
lication to below-detectable levels, even in SCID mice (8).
Interestingly, peritoneal cells from cidofovir-treated mice (Fig.
6, left panel) showed a �10-fold decrease in the frequency of
viral genome-positive cells compared to the frequency of these
cells in PBS-treated mice (P � 0.014). Although the spleno-
cytes in the same experiments (Fig. 6, right panel) showed a
decrease in the frequency of viral-genome-positive cells from
cidofovir-treated mice, this difference did not reach statistical
significance compared to that for the PBS control (P � 0.057).
These results suggest that inhibition of virus replication leads
to a decrease in genome-positive cells in B-cell�/� mice.

DISCUSSION

Previous studies have demonstrated the kinetics of humoral
immune response to �HV68 (30, 31) and that B cells play a

critical role in regulating �HV68 latency (46, 48). However, the
mechanisms by which B cells regulate latency are not known.
Results from this study provide one such mechanism via dem-
onstration that �HV68-specific antibody can significantly de-
crease the frequency of latently infected cells found in the
spleen and peritoneum of B-cell�/� mice. This confirms the
findings of Kim et al. made in CD28�/� mice by demonstrating
that antibody can play a key role in the control of gammaher-
pesvirus latency (21). We further demonstrated that the anti-
body specific for a late-lytic �HV68 protein, v-RCA, decreased
the frequency of latently infected cells, suggesting that anti-
body works by interacting with virions or productively infected
cells. This in turn suggests that ongoing or sporadic productive
infection plays an important part in the maintenance of high
frequencies of latently infected cells in B-cell�/� mice. Con-
sistent with this model, inhibition of productive infection with
an antiviral drug also decreased the frequency of latently in-
fected cells. These studies demonstrating a role for antibody in
controlling latency under these experimental conditions pro-
vide a strong rationale for investigating the role of antibody in
the control of latency and vaccination against latency.

Mechanism of antibody-mediated control of �HV68 latency.
The frequency of cells latently infected with gammaherpesvi-
ruses in vivo likely reflects a balance between viral factors and
host immunity. However, the contribution of individual host
factors to this balance is not yet fully understood. The �HV68-
specific humoral response is slow to develop but is maintained
at high levels for a long period of time (30, 31). We hypothe-
sized that antibody might play a role in the maintenance of
gammaherpesvirus latency and used the passive transfer of
antibody to demonstrate that antibody can play a very signifi-
cant role in limiting the number of cells that are latently in-
fected, at least in B-cell�/� mice.

Several viral genes (4, 16, 43) and host factors (38, 40, 48)
regulate �HV68 latency in infected mice. The immune system
may control gammaherpesvirus infection at multiple levels,
including in altering the frequency of cells carrying the viral
genome during latency and/or altering the efficiency with which
latently infected cells reactivate in ex vivo cultures (12, 38, 48).

FIG. 6. Antiviral therapy decreases the frequency of viral genome-positive cells in B-cell�/� mice. Groups of B-cell�/� mice were infected with
106 PFU of �HV68 and treated with either cidofovir or PBS as described in Materials and Methods. Peritoneal cells (PEC) and splenocytes
(Spleen) were harvested at 42 days p.i. for quantitation of the frequency of latently infected cells. Data represent the results from two experiments
(mean 	 standard error of the mean), with each experiment containing cells pooled from five mice.
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Alterations in both the latently infected cell number and the
efficiency of reactivation from latency are observed in CD8�/�

and gamma interferon�/� mice (12, 38). Since the frequencies
of both ex vivo reactivation (�100-fold for peritoneal cells)
and viral genome-positive cells (�50-fold for peritoneal cells)
are changed with the passive transfer of immune serum in
B-cell�/� mice, a significant contributor to the antibody-medi-
ated decrease in the frequency of cells reactivating from la-
tency is a decrease in the number of genome-positive cells
rather than the change in efficiency of ex vivo reactivation.

How then does antibody control the frequency of latently
infected cells? The antigen specificity of antiviral antibody that
can decrease the frequency of latently infected cells is infor-
mative. Antibody specific for the v-RCA protein, a lytic cycle
protein that is expressed on the surface of infected cells, in a
soluble isoform, and on the surface of virions (19), was as
effective as polyclonal antibody at decreasing the frequency of
latently infected cells. Studies using in situ hybridization failed
to detect expression of the v-RCA transcript during latency
(27). Thus, the most likely explanation for the effectiveness of
antibody to the v-RCA protein in controlling latency is the
inhibition of lytic cycle replication in B-cell�/� mice. This hy-
pothesis requires that ongoing virus replication contributes
significantly to the high levels of latently infected cells observed
in B-cell�/� mice.

It is also possible that antibody to the v-RCA protein altered
latency by interacting with the soluble isoform of the v-RCA
protein or by altering the nature of antiviral immunity via
blocking the complement regulatory effects of the v-RCA pro-
tein. We view this as unlikely since the effects of antibody on
latency are in the 100-fold range, while the effects of comple-
ment factor 3 deficiency on latency are fivefold (18). However,
this led us to test the hypothesis that inhibition of lytic cycle
infection decreases the frequency of latently infected cells by
using an antibody-independent approach. Use of an antiviral
drug for this purpose was supported by the findings of Barnes
et al., which demonstrated that antiviral therapy with 4�-S-
EtdU inhibits �HV68 replication in the lung and delays the
establishment of latency (1). We selected the antiviral drug
cidofovir for this purpose, since it has proven efficacy in limit-
ing �HV68 replication in vivo during both acute and chronic
infection (8, 23). Consistent with a critical role for ongoing
productive infection in maintaining high levels of latently in-
fected cells in B-cell�/� mice, treatment with cidofovir signif-
icantly decreased the frequency of peritoneal cells carrying
viral genome in B-cell�/� mice. However, cidofovir treatment
was less effective in limiting latency in the spleen, with de-
creases in splenic latency not reaching statistical significance.
Differences in the efficacy of antibody versus cidofovir in the
spleen (with antibody more effective) could be due to several
factors. It may be that cidofovir is less bioavailable in the
spleen than the peritoneum or that it is more effective at
controlling replication in peritoneal than splenic cells.

It is notable that lytic cycle replication occurs in B-cell�/�

mice for long periods after initial infection (33, 47) but that
lytic replication is restricted to specific tissues once acute in-
fection is cleared. Thus, while preformed infectious virus is not
found in the spleen or peritoneum of B-cell�/� mice by using
very sensitive limiting-dilution culture assays on MEF mono-
layers or reverse transcription-PCR assays specific for lytic

cycle viral transcripts (44, 48), lytic replication is present in the
media of the great vessels and in the lungs of chronically
infected B-cell�/� mice (33, 47; unpublished observations). It
is tempting to speculate that antibody decreases the frequency
of latently infected cells in the spleen and peritoneum by lim-
iting lytic replication elsewhere or by preventing the trafficking
of virus or virus-infected cells from sites of productive replica-
tion to sites at which we measured latency.

Does antibody control latency in normal mice? This study
only addresses the role of antibody in B-cell�/� mice. We
believe that these findings can be generalized for two reasons.
First, the effects of passively transferred antibody on latency
were detected when concentrations of both total and virus-
specific antibody in recipients of immune serum were less than
10% of those observed in normal mice during latent infection.
This strongly suggests that the concentration of antiviral anti-
body present in a normal host is sufficient to play a role in
limiting the frequency of latently infected cells. Second, mul-
tiple studies show that T cells specific for lytic �HV68 antigens
are continuously activated during latent �HV68 infection (2,
11, 13, 27, 29, 30). This suggests that there may be an ongoing
productive infection in normal mice at a level too low to be
detected by present assays. This could provide a target for the
antibody-mediated control of viral latency. We would there-
fore predict that antibody plays at least some role in the con-
trol of �HV68 latency in normal mice. It is important to note,
however, that we did not eliminate latent cells by the passive
transfer of antibody to B-cell�/� mice and that latency persists
in normal mice despite high levels of antibody. This suggests
that there are reservoirs of latency not accessible to control by
antibody. For example, since latently infected B cells are
present in normal mice but absent in the B-cell�/� mice used
here, it may be that B cells contribute to an antibody-resistant
form of latency in normal mice.

B cells and �HV68 latent infection. B cells are important
during acute, chronic, and latent �HV68 infection (33, 41,
46–48). Does the finding that antibody can regulate latency in
B-cell�/� mice explain all of the alterations in �HV68 patho-
genesis and latency observed in these mice? We believe the
answer is likely no. First, B cells might contribute to the patho-
genesis of �HV68 infection by providing a vehicle for spread
throughout the host (33), a function perhaps not duplicated by
immune antibody. Second, B cells might contribute to the
regulation of �HV68 latency via the presentation of antigen to
T cells (17, 26). For example, B cells are critical for the induc-
tion of V�4-bearing CD8� T cells during �HV68 infection (3,
5, 10, 39). While the physiologic role of these T cells is not
known, this is likely a function of B cells per se rather than of
secreted antibody (3). For these reasons, it is important to note
that antibody is only one mechanism by which B cells contrib-
ute to the control of latent �HV68 infection. Our findings do
not rule out additional antibody-independent roles of B cells in
gammaherpesvirus pathogenesis and immunity.
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