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deficient mice. B-cell-deficient mice lack mature B cells by
virtue of a homozygous mutation in the transmembrane exon
of the m heavy-chain gene (11). gHV68 can efficiently establish
a latent infection in B-cell-deficient mice (35), thus demonstrating that B lymphocytes are not required for establishment
of latency by gHV68. More recently, we have shown that peritoneal exudate cells (PECs) harbor a higher frequency of cells
that reactivate gHV68 than the spleen, in both B-cell-deficient
and normal C57BL/6 mice (36a). PECs carry latent gHV68
after either intraperitoneal (i.p.) or intranasal inoculation with
gHV68, demonstrating that establishment of latency at this site
is independent of the route of inoculation. The finding that the
PEC population in B-cell-deficient mice is composed largely of
macrophages raised the issue of whether macrophages are a
reservoir for latent gHV68. Here we provide evidence, obtained by employing latently infected PECs isolated from
C57BL/6 mice, that macrophages are the major cellular reservoir of latent gHV68 in the peritoneum. The identification of
macrophages as a site of gHV68 latency likely explains the
previously observed efficient establishment of latency in B-celldeficient mice (35) and demonstrates that gHV68 has a
broader cellular tropism for establishment of latency in hematopoietic cells than does EBV. In addition, macrophages may
also account for the previously identified gHV68 reactivation
from a plastic-adherent cell population isolated from the
spleens of latently infected mice (29).

Murine gammaherpesvirus 68 (gHV68) was isolated from a
bank vole and infects outbred and inbred mice. The genomic
sequence of gHV68 is available and confirms its close relationship with other gammaherpesviruses (33). gHV68 can acutely
infect multiple organs of mice, including the spleen, liver,
lungs, kidneys, adrenals, heart, and thymus (20, 28). Infection
has been associated with splenomegaly, pneumonitis, and a
fatal arteritis in mice lacking responsiveness to gamma interferon (28, 30, 35, 36). An association between gHV68 infection
and the development of lymphomas has also been reported
(27). gHV68 establishes a latent infection in the spleen (28, 29,
35), and B cells have been implicated as the predominant
latently infected hematopoietic cell type in vivo (29). Because
of its genomic structure and association with lymphomas and
evidence that it establishes a latent infection in B lymphocytes,
gHV68 has been suggested as a murine model for Epstein-Barr
virus (EBV) and Kaposi’s sarcoma-associated herpesvirus (17,
23, 29, 33).
To examine the role of B cells in gHV68 infection and
latency, we previously analyzed gHV68 infection in B-cell-
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B cells have previously been identified as the major hematopoietic cell type harboring latent gammaherpesvirus 68 (gHV68) (N. P. Sunil-Chandra, S. Efstathiou, and A. A. Nash, J. Gen. Virol. 73:3275–3279, 1992).
However, we have shown that gHV68 efficiently establishes latency in B-cell-deficient mice (K. E. Weck, M. L.
Barkon, L. I. Yoo, S. H. Speck, and H. W. Virgin, J. Virol. 70:6775–6780, 1996), demonstrating that B cells are
not required for gHV68 latency. To understand this dichotomy, we determined whether hematopoietic cell
types, in addition to B cells, carry latent gHV68. We observed a high frequency of cells that reactivate latent
gHV68 in peritoneal exudate cells (PECs) derived from both B-cell-deficient and normal C57BL/6 mice. PECs
were composed primarily of macrophages in B-cell-deficient mice and of macrophages plus B cells in normal
C57BL/6 mice. To determine which cells in PECs from C57BL/6 mice carry latent gHV68, we developed a
limiting-dilution PCR assay to quantitate the frequency of cells carrying the gHV68 genome in fluorescenceactivated cell sorter-purified cell populations. We also quantitated the contribution of individual cell populations to the total frequency of cells carrying latent gHV68. At early times after infection, the frequency of PECs
that reactivated gHV68 correlated very closely with the frequency of PECs carrying the gHV68 genome,
validating measurement of the frequency of viral-genome-positive cells as a measure of latency in this cell
population. F4/80-positive macrophage-enriched, lymphocyte-depleted PECs harbored most of the gHV68
genome and efficiently reactivated gHV68, while CD19-positive, B-cell-enriched PECs harbored about a 10-fold
lower frequency of gHV68 genome-positive cells. CD4-positive, T-cell-enriched PECs contained only a very low
frequency of gHV68 genome-positive cells, consistent with previous analyses indicating that T cells are not a
reservoir for gHV68 latency (N. P. Sunil-Chandra, S. Efstathiou, and A. A. Nash, J. Gen. Virol. 73:3275–3279,
1992). Since macrophages are bone marrow derived, we determined whether elicitation of a large inflammatory
response in the peritoneum would recruit additional latent cells into the peritoneum. Thioglycolate inoculation
increased the total number of PECs by about 20-fold but did not affect the frequency of cells that reactivate
gHV68, consistent with a bone marrow reservoir for latent gHV68. These experiments demonstrate gHV68
latency in two different hematopoietic cell types, F4/80-positive macrophages and CD19-positive B cells, and
argue for a bone marrow reservoir for latent gHV68.
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medium (150 mM KCl, 10 mM Tris-HCl [pH 7.5], 1.5 mM MgCl2) in a background of uninfected MEF cells. Serial fourfold dilutions of cells were made,
ranging from 10,000 test cells to 1 test cell per PCR, with a total of 10,000 cells
(MEF plus test cells) per PCR. Twelve to 24 PCRs were analyzed per cell
concentration. Five-microliter cell dilutions were added to PCR tubes containing
5 ml of lysis buffer (10 mM Tris-HCl [pH 8.5], 1.5 mM MgCl2, 1% Nonidet P-40,
1% Tween 20, 0.2-mg/ml proteinase K) and lysed overnight at 56°C. Proteinase
K was inactivated at 95°C for 15 min, and 10 ml of adjusted PCR cocktail (25 mM
KCl, 10 mM Tris-HCl [pH 9.0], 0.5% Triton X-100, 1.5 mM MgCl2, 23 deoxynucleoside triphosphates, primers, and Taq) was added directly to each cell
lysate so that the final PCR conditions were as described above. A nested PCR
was performed as described above. The dilutional nested-PCR method was
shown to have a sensitivity of one copy of gHV68 DNA in a background of
10,000 cells by spiking dilutions of plasmid pBamHIN into 10,000 uninfected
MEF cells prior to cell lysis. These controls for one-copy sensitivity, as well as
negative controls of MEF cells alone or water alone, were included for each set
of PCRs performed. In addition, one-copy sensitivity for gHV68 DNA was
observed when 106 copies of pBamHIN plasmid DNA were spiked into naive
spleen cells and subsequently diluted, demonstrating that target DNA was not
destroyed during the lysis procedure.

RESULTS AND DISCUSSION
Analysis of cell types present in the resident PEC population before and after gHV68 infection of C57BL/6 mice. Since
we have shown that PECs harbor a high frequency of latently
gHV68 infected cells in C57BL/6 mice (36a), we quantitated
the cell types and total numbers of cells present in PEC samples at different times postinfection (Fig. 1). In uninfected
mice, we recovered an average of 4 3 106 cells from the
peritoneum (Fig. 1A), of which 35 to 40% were identified as B
cells (by FACS analysis staining with antibodies directed
against CD19; see Materials and Methods) and 40 to 50% were
identified as macrophages (F4/80-positive staining population;
see Materials and Methods) (Fig. 1B). A low number of T cells
were present in PECs from uninfected mice (Fig. 1B). Upon
gHV68 infection, the number of PECs increased substantially,
peaking at 1.6 3 107 at day 10 postinfection, and then dropped
to 4 3 106 by day 20 postinfection (Fig. 1A). The influx of cells
into the peritoneum after gHV68 infection included a significant increase in the number of T cells present (both CD41 and
CD81). However, macrophages remained the predominant
cell type present in PEC samples at all times postinfection (Fig.
1B).
Establishment of latency in the peritoneum of B-cell-deficient mice. To determine if B cells account (or are required)
for generation of latent infection of PECs, we analyzed gHV68
latency in PECs isolated from B-cell-deficient mice. The presence of latent gHV68 was quantitated by using a limitingdilution reactivation assay (see Materials and Methods). To
detect the presence of preformed infectious virus, cells are
subjected to mechanical disruption by using a protocol which
kills .99% of the cells present but has a less-than-twofold
effect on the titer of preformed infectious virus (35). Since
reactivation from latency requires the presence of live cells,
only preformed infectious virus can be detected after mechanical disruption of the cells. Reactivated gHV68 is scored 2 to 3
weeks after plating of the latently infected cells by the presence
of a viral CPE on the MEF monolayer. Consistent with our
previous analyses (36a), we observed a high frequency of PECs
that reactivated gHV68 (Fig. 2A).
The detection of a low level of preformed infectious virus in
B-cell-deficient mouse PECs in the experiment shown in Fig.
2A (open symbols) most likely represents a failure to adequately disrupt all gHV68 latently infected cells, since we have
consistently failed to detect preformed infectious virus under
these conditions in other experiments (35, 36a). Indeed, as
shown in Fig. 3, no preformed infectious virus was detected
with latently infected PECs harvested from normal C57BL/6
mice, even when 105 cell equivalents were plated. It should be
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Mice, infections, and organ harvests. Normal and B-cell-deficient (MuMT;
C57BL/6J-Igh-6tm1Cgn) (11) C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, Maine). The mice were then bred and maintained at Washington University, St. Louis, Mo., in accordance with all university and federal
guidelines. Mice were infected with 106 PFU of gHV68 in Dulbecco modified
Eagle medium plus 10% fetal calf serum in a 1-ml volume by i.p. inoculation.
gHV68 strain WUMS (ATCC VR1465) was used for all infections. The viral
stock was passaged once on NIH 3T12 cells for amplification. At various times
postinfection, mice were sacrificed by cervical dislocation after metofane anesthesia, and PECs were harvested by peritoneal lavage with 10 to 15 ml of medium
(8). Thioglycolate elicitation of PECs was accomplished by injection of 3 ml of
3% thioglycolate (Becton-Dickinson, Cockeysville, Md.) into the peritoneum 4
days prior to harvesting of PECs. Thioglycolate injection has been shown to
result in accumulation predominantly of neutrophils 1 to 2 days postinjection,
followed by accumulation predominantly of inflammatory macrophages 2 to 4
days postinjection (18).
Purification of specific cell populations by FACS and differential analysis of
cell types. For fluorescence-activated cell sorter (FACS) sorting, PECs were
stained as previously described (8, 18). Cells were blocked in FACS blocking
buffer (HBSS [13 HBSS is 0.15 M NaCl plus 0.015 M sodium citrate] with 5%
bovine serum albumin, 10% normal rabbit serum, 10% normal goat serum, and
0.5-mg/ml mouse immunoglobulin G) for 30 to 60 min at 4°C prior to staining to
block Fc receptors. All antibodies were diluted in FACS blocking buffer. All
primary antibodies used for staining were rat anti-mouse monoclonal antibodies
which were purified as previously described (34). F4/80 staining of macrophages
was performed with a 50% (vol/vol) dilution of F4/80 supernatant (ATCC
HB198) (1). All other antibodies were diluted to 10 mg/ml. CD4-positive T cells
were stained with antibody GK1.5 (ATCC TIB207) (6). CD81 T cells were
stained with antibody 53-6.72 (ATCC TIB105) (13). CD19 staining of B cells was
performed by using phycoerythrin-conjugated anti-CD19 (Pharmingen, San Diego, Calif.). All other antibody staining was detected by using phycoerythrinconjugated goat anti-rat immunoglobulin G (heavy and light chains) (Caltag,
Burlingame, Calif.). Cells were sorted on a FACS Vantage (Becton-Dickinson,
San Jose, Calif.) or analyzed by using a FACScan (Becton-Dickinson). Data were
analyzed by using Cell Quest Software (Becton-Dickinson). Postsorting FACS
analysis of sorted populations demonstrated .95% purity. Morphological analysis of sorted populations by differential counting was performed on Wright’sstained cytospin preparations as previously described (8).
Limiting-dilution ex vivo reactivation assay to detect latent virus. MEF
(mouse embryonic fibroblast) cells were obtained from BALB/c mice and maintained as previously described (35). Limiting-dilution analysis to detect reactivation from latency was performed as previously described (35). Briefly, serial
twofold dilutions of test cells harvested from mice were plated onto indicator
MEF cells in 96-well tissue culture plates. The wells were scored microscopically
for a viral cytopathic effect (CPE) after 3 weeks. A maximum of 100,000 cells was
plated per well, as greater numbers of cells were toxic to the MEF monolayer. To
detect the presence of preformed infectious virus in the test cell populations, the
cells were killed prior to plating by mechanical disruption in 1/33 Dulbecco
modified Eagle medium in the presence of 0.5-mm silica beads in a MiniBeadbeater-8 (Biospec Products, Bartlesville, Okla.).
Detection of gHV68 DNA by nested PCR. Nested PCR to detect the ORF50
gene of gHV68 was shown to have a sensitivity of one copy of gHV68 DNA. The
sequences of the outer PCR primers employed were 59-AACTGGAACTCTTC
TGTGGC-39 and 59-GGCCGCAGACA TTTAATGAC-39, which amplify a
586-bp product. The sequences of the inner PCR primers employed were 59-C
CCCAATGGTTCATAAGTGG-39 and 59-ATCAGCACGCCATCAACATC39, which amplify a 382-bp product. Primers were synthesized by GIBCO BRL.
Each PCR mixture contained 50 mM KCl, 10 mM Tris-HCl (pH 8.5), 0.1%
Triton X-100, 1.5 mM MgCl2, 0.2 mM nucleotides, each primer at 1 ng/ml, and
1 U of Taq polymerase (Promega). PCRs were performed on a Perkin-Elmer
9600 GENEAMP thermocycler. The initial round of PCR was performed with a
20-ml (total volume) reaction mixture with 45 cycles of 94°C for 30 s, 60°C for
30 s, and 72°C for 30 s, followed by extension at 72°C for 5 min. The conditions
for the second round of PCR were identical, except that the reaction was
amplified for 25 cycles. For the second round, 1 ml of the first-round PCR
product was amplified in a 10-ml (total volume) reaction mixture. Second-round
PCR products were visualized by electrophoresis on a 2% agarose gel stained
with ethidium bromide. Plasmid pBamHIN containing ORF50 of gHV68, kindly
provided by Stacey Efstathiou (7), was used to determine the sensitivity of the
nested PCR for detection of gHV68 DNA. pBamHIN was quantitated spectrophotometrically and diluted in mouse liver DNA or tRNA (0.5 mg/ml) in TrisEDTA. One microgram of total nucleic acid from serial 10-fold dilutions of
pBamHIN in mouse liver DNA or tRNA was analyzed by nested PCR in a series
of control PCRs.
Estimation of the frequency of latently infected cells harboring the gHV68
genome. To determine the frequency of cells carrying the gHV68 genome in
PECs from latently infected mice, nested PCR (single-copy sensitivity) was performed on serial dilutions of cells by previously published methods (18). In some
cases, an adaptation of the published method was used, as follows. To keep the
total cell number constant for each PCR, test cells were diluted in an isotonic
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noted that the subsequent analyses of latently infected cell
populations reported here were carried out with cells isolated
from C57BL/6 mice. Based on our previously determined sensitivity of the limiting dilution assay (0.2 PFU, in which 0.2
PFU was detected in 62.5% of the wells) (35, 36a), the data
shown in Fig. 2 indicate that there is ,0.05 PFU of virus
detected in the mechanically disrupted sample when 103 cell
equivalents was plated. The estimated frequency of latently
infected PECs in the B-cell-deficient mice is ca. 1 in 100 cells,
and thus we estimate that there is ,1 PFU per 200 latently
infected cells (for the data shown in Fig. 3, we estimate that
there is ,1 PFU per 20,000 latently infected cells). Thus,
preformed infectious virus can account for, at most, 2.5% of
the CPE in wells receiving latent cells in Fig. 2 (0.025% of the
CPE in wells receiving latent cells in Fig. 3). This verifies that
we were measuring latently infected cells in this assay.
We evaluated the types of cells in different populations by
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using differential counting. Note that all differential counts
were read without knowledge of the identity of the sample. It
is not always possible to distinguish lymphoblasts from immature monocytes on morphologic grounds. Cells in this category
are therefore listed as monocytes or lymphoblasts. Differential
analysis of the cells present in the PECs isolated from B-celldeficient mice revealed that .75% were macrophages, while
,5% were lymphocytes and ca. 5% were either monocytes or
lymphoblasts (Fig. 2B). Thus, gHV68 can efficiently establish a
latent infection in the peritoneum of B-cell-deficient mice,
demonstrating that a cell other than a B cell harbors latent
gHV68 in this site. Because PECs from B-cell-deficient mice
are composed predominantly of macrophages, we focused on
determining whether latent gHV68 was present in a macrophage-enriched population.
Correlation between the frequency of cells reactivating
gHV68 and the frequency of cells carrying the gHV68 genome
in PECs isolated from C57BL/6 mice 9 to 10 days postinfection. To determine the frequency of cells carrying the gHV68
genome in purified cell populations, we developed a sensitive
nested-PCR assay to detect the presence of the gHV68 genome in serial dilutions of cells (see Materials and Methods).
This assay reproducibly detected 10 copies of a target plasmid,
diluted in a background of DNA prepared from 104 uninfected
cells, in 100% of the assays (55 PCRs). In addition, this assay
was able to detect a single copy of the target plasmid (in a
background of DNA prepared from 104 uninfected cells) in
54% of the assays (37 of 68 PCRs) and 0.1 copy of the target
plasmid in 3.7% of the assays (2 of 54 PCRs). The frequency of
detection of a single copy of the target plasmid compares well
with the 63% predicted by Poisson distribution and indicates
that this assay can reproducibly detect a single copy of the
gHV68 genome in a background of cellular DNA prepared
from 104 uninfected cells. This PCR assay was used to directly
compare the frequency of gHV68 genome-positive PECs to
the frequency of PECs reactivating gHV68 by using cells harvested from latently infected C57BL/6 mice 9 to 10 days postinfection (Fig. 3). As shown in Fig. 3A, mechanical disruption of
C57BL/6 PECs resulted in complete loss of detectable virus,
while plating of live cells readily revealed the presence of
reactivated latent gHV68. Notably, the frequency of cells that
reactivated gHV68 in this population was ca. 1 in 100 cells. The
estimated frequency of gHV68 genome-positive cells in PEC
samples was ca. 1 in 50 cells (Fig. 3B). Thus, the frequency of
genome-positive PECs correlates very closely with the frequency of cells that reactivate gHV68 in vitro (compare Fig.
3A and B). Notably, we have observed a more complex relationship between the frequency of cells carrying the gHV68
genome and the frequency of cells reactivating gHV68 at late
times postinfection, particularly with latently infected splenocytes (36a). However, as shown here for C57BL/6 mice, at early
times postinfection, the frequency of cells reactivating gHV68
and the frequency of cells carrying the gHV68 genome are
nearly identical. This assured us that quantitation of the frequency of cells carrying the gHV68 genome was a good indicator of latently infected cells, as opposed to dead-end genomes (i.e., cells harboring the viral genome but unable to
reactivate the virus). Thus, we focused our initial identification
of the cell types harboring the viral genome in PEC samples
harvested 9 to 15 days postinfection.
F4/80-positive cells harbor the gHV68 genome. F4/80 is a
cell surface marker found on macrophages, as well as some
eosinophils (1, 15). Eosinophils are a minor cell population in
the peritoneum and are not enriched in PECs sorted for F4/80
expression (see below and reference 18). F4/80-positive and
F4/80-negative cell populations were isolated by FACS (Fig.
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FIG. 1. Cell counts and FACS analysis of PECs isolated from C57BL/6 mice
before and after infection with gHV68. (A) Total PECs harvested by peritoneal
lavage from uninfected C57BL/6 mice or from C57BL/6 mice at various times
post-i.p. infection with 106 PFU of gHV68 were counted. The value for each time
point is the average of cell counts from eight or nine separate experiments,
except those for days 20 and 30 postinfection, which are averages of two experiments. Data were pooled from groups of mice infected for periods of time up to
2 days apart. Error bars represent the standard error of the mean. (B) FACS
analysis of PECs isolated from naive or gHV68-infected C57BL/6 mice was
performed by using antibodies specific for CD4 T cells, CD8 T cells, B cells
(CD19), or macrophages (F4/80). Shown are the percentages of total PECs for
each cell type on the indicated days postinfection. The data are averages of four
separate experiments. The error bars represent the standard error of the mean.
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4A and B), and these populations were subsequently analyzed
by differential analysis (Fig. 4C). Post-FACS differential analysis of these populations indicated that .95% of the F4/80positive cells were macrophages and ,5% were lymphocytes
or monocytes-lymphoblasts. Thus, this fractionation resulted in
a ca. twofold enrichment of macrophages and, importantly, a
.10-fold depletion of lymphocytes. The F4/80-negative cell
population contained 5 to 10% macrophages, ca. 70% lymphocytes, and ca. 20% cells that were monocytes and/or lympho-

blasts (Fig. 4C). Total PECs and F4/80-positive PECs (enriched for macrophages and depleted of lymphocytes) had
similar frequencies of gHV68 genome-positive cells (Fig. 4D).
The high frequency of gHV68-positive cells in the F4/80-positive, lymphocyte-depleted, fraction (ca. 1 in 50 cells) argues
that F4/80-positive macrophages harbor latent gHV68. Note
that there is a less-than-twofold increase in the proportion of
macrophages in F4/80-positive compared to total PECs (Fig.
4C), explaining the minimal change in the frequency of ge-

FIG. 3. Relationship between the frequency of cells reactivating gHV68 and the frequency of cells carrying the gHV68 genome in C57BL/6 PECs 9 to 10 days
postinfection. Shown is the percentage of wells in which gHV68 reactivation was detected (A) or the percentage of PCRs which were positive for the presence of the
viral genome (B) as a function of the number of cells analyzed. For each cell number, 24 wells in the reactivation analysis (A) or 12 to 24 PCRs (B) were analyzed in
each experiment. The data presented are averages of seven separate experiments, and each experiment involved a pool of three mice. The dotted line indicates 62.5%,
which was used to calculate the frequency of reactivating or genome-positive cells by Poisson distribution. The error bars represent the standard error of the mean.
(A) Frequency of cells that reactivated gHV68 assessed by using the limiting-dilution reactivation assay as described in Materials and Methods. The results of the
reactivation assay using disrupted cells, representing the presence of preformed infectious virus, are shown as open symbols. (B) Frequency of cells carrying the gHV68
genome determined by limiting-dilution PCR analysis. Each point represents 84 to 168 separate PCRs.
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FIG. 2. PECs from B-cell-deficient mice (MuMT[11]) harbor latent gHV68. (A) Limiting-dilution analysis to quantitate the frequency of cells that reactivate gHV68
was performed by using PECs from B-cell-deficient mice 5 to 10 weeks postinfection with gHV68. Shown are percentages of wells that scored positive for viral CPE
3 weeks after plating as a function of the number of cells plated per well. Twenty-four wells were plated per cell dilution in each experiment. Shown as open symbols
are the results obtained when cells were killed by mechanical disruption prior to plating, which indicates that no preformed infectious virus was present in the samples
analyzed. The data are averages of four separate experiments. Cells from 6 to 10 mice were pooled and assayed per experiment. The error bars represent the standard
error of the mean. (B) Pre- and postsorting differential analysis of Wright’s-stained PECs from B-cell-deficient mice 5 to 10 weeks postinfection with gHV68. PECs
were categorized by morphological criteria as macrophages, lymphocytes, or monocytes and/or lymphoblasts. Based on morphological criteria, monocytes could not
always be distinguished from lymphoblasts. The data shown are averages of nine separate experiments. Cells from 6 to 10 mice were pooled and assayed per experiment.
The error bars represent the standard error of the mean.
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nome-positive cells observed between total and F4/80-positive
PECs. Consistent with macrophages as a site of gHV68 latency, the F4/80-negative cell population contained an at least
10-fold lower frequency of gHV68-positive cells than either
F4/80-positive or total PECs (Fig. 4D), despite the fact that
this cell population was enriched for lymphocytes. Since there
were .30-fold more lymphocytes in the F4/80-negative population than the F4/80-positive population, it is clear that lymphocytes (e.g., B cells) cannot account for the majority of
gHV68 genome-bearing cells. From this analysis, it is unclear
whether the residual viral genome present in the F4/80-negative fraction represented contaminating latently infected mac-

rophages in this cell population or represented another latently
infected cell type (e.g., B lymphocytes).
B cells, as well as macrophages, harbor latent gHV68. To
further address the question of whether B lymphocytes might
also be a reservoir of latent gHV68 in the peritoneum, both B
cells (CD19 positive) and macrophages (F4/80 positive) were
recovered from latently infected PECs. In this analysis, we took
advantage of the distinct differences in the forward versus side
scatter of macrophages and lymphocytes. Thus, PECs were
presorted by using gates that enriched for either lymphocytes
or macrophages, and then these populations were sorted for
either F4/80-positive cells or for CD19-positive and CD19-
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FIG. 4. F4/80-positive peritoneal macrophages from latently infected C57BL/6 mice harbor the gHV68 genome. PECs collected from C57BL/6 mice 9 to 15 days
postinfection with gHV68 were stained with F4/80. The F4/80-negative and F4/80-positive cell populations were separated by FACS sorting, and the frequency of cells
carrying the gHV68 genome was quantitated by PCR. The results shown are averages of four separate experiments. In three experiments, cells were sorted as shown.
In one experiment, cells were pregated into lymphocyte-enriched or macrophage-enriched populations prior to F4/80 sorting, as shown in Fig. 5 and 6. Data from the
four experiments were comparable. (A) Dot plot showing forward and side scatter characteristics of peritoneal cells from a representative experiment. (B) Results of
F4/80 staining and gates used for FACS sorting of F4/80-negative and F4/80-positive cell populations from a representative experiment. Cell counts are shown on the
y axis, and mean fluorescence intensity is shown on the x axis. Gates for sorting were drawn tightly to prevent contamination of sorted populations. For the four
experiments performed, 39 to 42% of the PECs were sorted as F4/80 negative and 39 to 44% of the PECs were sorted as F4/80 positive. (C) Pre- and postsorting
differential analysis of Wright’s-stained cells from total PECs and F4/80-positive and F4/80-negative PECs. Presorting and postsorting populations were categorized by
morphological criteria as macrophages, lymphocytes, or monocytes-lymphoblasts (Mono/Blast). Based on morphological criteria, monocytes could not always be
distinguished from lymphoblasts. (D) Limiting-dilution quantitation of the frequency of gHV68 genome-positive cells by using total PECs and F4/80-positive and
F4/80-negative PEC populations. Tenfold dilutions of each cell population were tested for the presence of the gHV68 genome by nested PCR as described in Materials
and Methods. The data in panels C and D are averages of four experiments. The error bars represent the standard error of the mean. Rxns, reactions.
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FIG. 5. The frequency of macrophages harboring the viral genome is higher than the frequency of B cells harboring the viral genome in the peritoneum of latently
infected C57BL/6 mice. PECs isolated from C57BL/6 mice 13 to 15 days postinfection with gHV68 were stained with F4/80 (specific for macrophages) or with a
CD19-specific antibody (specific for B cells), and relevant cell populations were isolated by FACS sorting. The results shown represent two separate experiments. (A)
Cells were pregated into lymphocyte-enriched or macrophage-enriched populations based on forward scatter and side scatter characteristics, as shown for a
representative experiment. (B) PECs from the lymphocyte-enriched population were sorted into CD19-negative (denoted by an asterisk) and CD19-positive fractions.
Shown are the results of CD19 staining and the gates used for FACS sorting of CD19-positive and CD19-negative cell populations from a representative experiment.
Gates for sorting were drawn tightly to prevent contamination of sorted populations. By these criteria, 40 to 50% of cells from the lymphocyte-enriched gate were sorted
as CD19 negative and 16 to 24% of the cells from the lymphocyte-enriched gate were sorted as CD19 positive. (C) F4/80-positive PECs were sorted from the
macrophage-enriched population. Shown are the results of F4/80 staining and the gate used for FACS sorting of F4/80-positive cells from a representative experiment.
For the two experiments performed, 91 to 94% of the PECs from the macrophage-enriched gate were sorted as F4/80 positive. (D) Pre- and postsorting differential
analysis of Wright’s-stained cells. Cells were categorized by morphological criteria as macrophages, lymphocytes, or monocytes-lymphoblasts (Mono/Blast). Based on
morphological criteria, monocytes could not always be distinguished from lymphoblasts. (E) Limiting-dilution nested PCR analysis to quantitate the frequency of
gHV68 genome-positive cells in the total PECs and the F4/80-positive, CD19-positive, and CD19-negative populations. Tenfold dilutions of each cell population were
tested for the presence of the gHV68 genome by nested PCR. The data in panels D and E are averages of two separate experiments. The error bars represent the
standard error of the mean. Rxns, reactions.
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(Fig. 6E). Consistent with the notion that B cells and macrophages harbor the viral genome, the CD4-negative population
retained a relatively high frequency of gHV68 genome-positive
cells (Fig. 6E).
gHV68 genome-positive macrophages reactivate gHV68 in
explant cultures. While the above-described analyses provide
strong evidence that macrophages harbor the gHV68 genome,
they do not directly address the issue of whether these cells are
latently infected (i.e., whether they can reactivate gHV68).
However, the close correlation between the frequency of cells
harboring the gHV68 genome and the frequency of cells reactivating gHV68 (Fig. 3), coupled with the observation that
nearly all of the gHV68 genome-positive cells are F4/80 positive (Fig. 4, 5, and 6), makes it very likely that macrophages are
latently infected by gHV68. To formally address the question
of whether the viral genome-positive, macrophage-enriched
(lymphocyte-depleted) population can reactivate gHV68,
PECs isolated either 11 days or 5 weeks postinfection were
fractionated by FACS sorting (Fig. 7). Consistent with the viral
genome analysis, using PECs isolated 11 days postinfection,
cells recovered from the macrophage gate (which were judged
by postsorting differential analysis to be .98% macrophages
and significantly depleted of lymphocytes; Fig. 7B) reactivated
gHV68 with a frequency indistinguishable from that of the
unsorted cell population (Fig. 7A). However, the frequency of
cells reactivating gHV68 was low among cells recovered from
the lymphocyte gate (Fig. 7A). Although the frequency of cells
reactivating gHV68 was about a log unit lower, a very similar
profile was obtained by using PECs isolated 5 weeks postinfection (Fig. 7C). F4/80-positive cells, which were enriched for
macrophages and significantly depleted of lymphocytes (Fig.
7D), displayed a reactivation frequency only slightly lower than
that of unfractionated PECs (Fig. 7C). However, the F4/80negative cell population, which was enriched for lymphocytes
and partially depleted of macrophages (Fig. 7D), exhibited a
significant reduction in the frequency of cells reactivating
gHV68 (Fig. 7C). Based on this analysis, gHV68-positive macrophages are capable of reactivating the virus and can thus be
defined as a true reservoir of gHV68 latency.
Thioglycolate-elicited PECs harbor the same frequency of
gHV68-reactivating cells as resident PECs. We have shown
that gHV68 latency in the peritoneum is established regardless
of whether mice are inoculated by the i.p. or the intranasal
route (36a), indicating that the establishment of latency at this
site is not dependent on i.p. inoculation. However, the derivation of the latently infected macrophages remains unclear.
Since it is known that inflammatory peritoneal macrophages
are derived from bone marrow (22, 31, 32) and we have shown
that bone marrow harbors latent gHV68 (36a), we addressed
the question of whether thioglycolate treatment would alter
the frequency of gHV68 genome-positive cells in the peritoneum. B-cell-deficient mice were used in this analysis because
(i) we have shown that the frequency of cells reactivating
gHV68 is much higher in B-cell-deficient mice than in normal
C57BL/6 mice at late times postinfection (36a) and (ii) we
were able to analyze the dynamics of latency in the macrophage compartment independent of B cells. PECs were recovered from thioglycolate-treated and control B-cell-deficient
mice 4 to 7 weeks postinfection. The average number of resident PECs recovered from the control B-cell-deficient mice
was 1.4 3 106 6 0.4 3 106, while the average number of
elicited PECs recovered from the thioglycolate-treated, B-celldeficient mice was 3.1 3 107 6 0.7 3 107. Thus, there was an
about 20-fold increase in the number of PECs upon thioglycolate elicitation. As shown in Fig. 8, mechanical disruption of
the PECs revealed no detectable preformed gHV68 in either
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negative cells (Fig. 5). This two-stage approach was used to
diminish contamination of the sorted lymphocyte populations
with macrophages. Postsorting differential analysis of the F4/
80-positive population demonstrated that this population was
highly (.98%) enriched for macrophages, with few contaminating lymphocytes (Fig. 5D). Conversely, the CD19-positive
population was composed almost entirely (;75%) of lymphocytes and a population of cells that were either monocytes or
lymphoblasts (;25%), with only a very small percentage of
contaminating macrophages (Fig. 5D). The CD19-negative
fraction sorted from the lymphocyte gate contained a slightly
higher frequency of contaminating macrophages (;5%) but
was still significantly enriched for lymphocytes (;70%) and
monocytes-lymphoblasts (;25%) (Fig. 5D). As previously observed (Fig. 4D), analysis of the macrophage-enriched population (F4/80 positive) revealed a frequency of cells harboring
the gHV68 genome that was similar to the frequency observed
in unsorted PECs (Fig. 5D). This was expected, since in these
experiments, the total cell population was ;70% macrophages,
and thus there was a less-than-twofold enrichment for macrophages. However, there was a significant (eightfold) depletion
of lymphocytes from F4/80-positive cells, demonstrating that
depleting lymphocytes did not significantly reduce the frequency of gHV68 genome-positive cells. This finding, obtained
by using a more rigorous two-stage FACS sorting protocol,
supports the conclusion drawn from data in Fig. 4 that macrophages harbor latent gHV68.
Comparison of the CD19-positive and CD19-negative populations sorted from the lymphocyte gate revealed that CD19positive cells also harbored the gHV68 genome (as observed in
the F4/80-negative population shown previously [Fig. 4]). However, the frequency of cells carrying the gHV68 genome among
CD19-positive cells was ca. 10-fold lower than the frequency
observed in the macrophage-enriched F4/80-positive population. The CD19-negative fraction harbored a very low frequency of gHV68 genome-positive cells, which may reflect
,1% contamination of this population with latently infected
macrophages and/or B cells. Thus, this analysis indicates that
macrophages are the major reservoir, and B cells are a minor
reservoir, for latent gHV68 in the peritoneum of C57BL/6
mice.
CD4 T cells do not harbor latent gHV68. As a negative
control for F4/80 and CD19 cell sorting, we also sorted for
CD4-positive T cells. This sorting provides a control for the
remote possibility that all positive sortings (e.g., F4/80-positive
and CD19-positive sortings) artifactually enrich for gHV68
genome-positive cells. T cells have never been implicated as a
reservoir for latent gHV68. Indeed, an analysis of cell populations isolated from a latently infected spleen found little
evidence of gHV68 latency in the T-cell-enriched fraction (29).
CD4-positive and CD4-negative cell populations were recovered from the lymphocyte gate (Fig. 6A and B) as described
above, and F4/80-positive cells were recovered from the macrophage gate (Fig. 6A and C). The postsorting differential
analysis demonstrated that the F4/80-positive population was
.95% macrophages, while the CD4-positive population was
.85% lymphocytes (the remainder was monocytes and/or lymphoblasts) (Fig. 6D). The CD4-negative population was
heavily contaminated with macrophages (;20%) and was only
enriched about twofold for lymphocytes over the unfractionated population (Fig. 6D). Analysis of the frequency of gHV68
genome positive cells demonstrated again that the F4/80-positive fraction was nearly indistinguishable from the unfractionated PECs (Fig. 6E). As expected, the CD4-positive cell population was significantly depleted of cells harboring the viral
genome (.100-fold lower frequency of gHV68-positive cells)
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FIG. 6. CD4-positive T cells from latently infected C57BL/6 mice do not harbor the gHV68 genome. PECs collected from C57BL/6 mice 13 to 15 days postinfection
with gHV68 were stained with F4/80 or with a CD4-specific antibody for FACS sorting. The results shown represent two separate experiments. (A) Cells were pregated
into lymphocyte-enriched or macrophage-enriched populations based on forward scatter and side scatter characteristics, as shown for a representative experiment. (B)
PECs from the lymphocyte-enriched population were sorted into CD4-negative and CD4-positive fractions as described in Materials and Methods. Shown are the
results of CD4 staining and the gates used for FACS sorting of CD4-positive and CD4-negative cell populations from a representative experiment. Gates for sorting
were drawn tightly to prevent contamination of sorted populations. By these criteria, 62 to 67% of the cells from the lymphocyte-enriched gate were sorted as CD4
negative and 28% of the cells from the lymphocyte-enriched gate were sorted as CD4 positive. (C) F4/80-positive PECs were sorted from the macrophage-enriched
population. Shown are the results of F4/80 staining and the gate used for FACS sorting of F4/80-positive cells from a representative experiment. For the two experiments
performed, 75 to 85% of the PECs were sorted as F4/80 positive. (D) Pre- and postsorting differential analysis of Wright’s-stained cells. Cells were categorized by
morphological criteria as macrophages, lymphocytes, or monocytes-lymphoblasts (Mono/Blast). Based on morphological criteria, monocytes could not always be
distinguished from lymphoblasts. (E) Limiting-dilution PCR analysis to quantitate the frequency of gHV68 genome-positive cells in total PECs and F4/80-positive,
CD4-positive, and CD4-negative PECs. Tenfold dilutions of each cell population were tested for the presence of the gHV68 genome by nested PCR. The data in panels
D and E are averages of two separate experiments. The error bars represent the standard error of the mean. Rxns, reactions.
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resident or elicited PECs. The frequencies of cells reactivating
gHV68 from resident and elicited PECs were indistinguishable, despite the 20-fold increase in the total number of cells
after thioglycolate elicitation (Fig. 8). This result cannot be
explained by a 20-fold increase in the reactivation frequency of
resident latently infected PECs after thioglycolate elicitation,
since we have shown that the frequency of resident PECs that
reactivate the virus correlates closely with the frequency of
PECs that harbor the viral genome (Fig. 3 and data not
shown). Thus, this result indicates that there is a cellular
source of latent gHV68 that seeds the peritoneum after thioglycolate elicitation, presumably the bone marrow (22, 31, 32).
Similar frequencies of reactivation were also seen in resident
versus elicited PECs recovered from latently infected C57BL/6
mice (data not shown).

Conclusions. We have demonstrated that macrophages in
the peritoneum of normal and B-cell-deficient C57BL/6 mice
harbor latent gHV68. In addition, consistent with previous
analyses (29), we also found that CD19-positive B cells carry
the gHV68 genome during latent infection. Quantitation of
the frequency of genome-positive cells revealed that B cells
were a relatively minor reservoir of gHV68 latency in PECs
compared to macrophages. Recent studies have also provided
evidence that gHV68 establishes a latent infection in lung
epithelial cells (25). The latter studies are problematic, since
the identification of latently infected cells relied on in situ
detection of cells containing viral tRNA-like gene transcripts,
in conjunction with the failure to detect by in situ hybridization
cells expressing the viral glycoprotein H (gH) and thymidine
kinase gene transcripts (presented as evidence to rule out the
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FIG. 7. Peritoneal macrophages from C57BL/6 mice harbor latent gHV68, as detected by an ex vivo reactivation assay. Limiting-dilution analysis was used to
quantitate the frequency of cells that reactivate gHV68 by using FACS-sorted PEC populations isolated from gHV68-infected C57BL/6 mice. (A) Limiting-dilution
reactivation analysis to determine the frequency of cells that reactivate gHV68 by using PECs from C57BL/6 mice 11 days postinfection (p.i.). PECs were FACS sorted
into macrophage- or lymphocyte-enriched populations based on forward and side scatter characteristics (as for Fig. 5A and 6A). (B) Pre- and postsorting Wright’s
differential staining analysis of total and fractionated PECs isolated from C57BL/5 mice 11 days postinfection. Cells were categorized by morphological criteria as
macrophages (Mac), lymphocytes (Lymph), or monocytes-lymphoblasts (Mono/Blast). (C) Limiting-dilution reactivation analysis to determine the frequency of cells
that reactivate gHV68 by using PECs collected from C57BL/6 mice 5 weeks postinfection. Cells were stained with F4/80, and the F4/80-negative and F4/80-positive cell
populations were separated by FACS sorting as described in Materials and Methods. (D) Pre- and postsorting Wright’s differential staining analysis of total and
fractionated PECs isolate from C57BL/6 mice 5 weeks postinfection. For the limiting-dilution reactivation analyses shown in panels A and C, the percentage of wells
that scored positive for viral CPE 3 weeks after plating is plotted as a function of the number of cells plated per well. Twenty-four wells were plated per cell dilution.
Each graph represents a single experiment. Cells from 4 to 10 mice were pooled and assayed per experiment.
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presence of lytic infection). Since the viral tRNA-like genes are
abundantly expressed during lytic infection, (2, 36b), it is difficult to rule out the possibility that in situ detection of the viral
tRNA-like transcripts is more sensitive than detection of gH
and thymidine kinase gene transcripts. Indeed, while these
investigators detected the presence of linear viral genomes in
lung tissue (diagnostic of ongoing virus replication), they were
unable to detect lytically infected cells by using the gH and
thymidine kinase probes. Notwithstanding this limitation, it is
clear that gHV68 establishes latency in multiple cell types:
peritoneal macrophages, B cells, and perhaps lung epithelial
cells. The observation of multiple cellular reservoirs of latent
gHV68 is similar to the observations of latent EBV in both B
cells and epithelial cells (10, 21), that Kaposi’s sarcoma-associated herpesvirus can latently infect both B cells and endothelial or spindle cells (3–5, 9, 14, 16, 19, 24, 26, 37), and of
murine cytomegalovirus latency in both macrophages and endothelial cells (12, 18). It remains to be determined whether
macrophages are a major reservoir of gHV68 latency in other
latently infected tissues (e.g., spleen and lung).
As shown in Fig. 7, the frequency of PECs reactivating
gHV68 from normal mice 5 weeks postinfection was significantly lower than that observed at early times. However, we
have determined that as in B-cell-deficient mice, the frequency
of viral genome-positive cells remains fairly constant for .150
days postinfection in normal C57BL/6 mice, indicating that
there is a decrease in the efficiency of virus reactivation upon
explanation of cells from normal mice into tissue culture (36a).
This decrease in reactivation efficiency observed in normal but
not B-cell-deficient C57BL/6 mice may reflect the establishment of a distinct form of viral latency during the course of
infection in normal C57BL/6 mice.
The identification of peritoneal macrophages as a reservoir
of latent gHV68 raises the question of whether these cells
harbor latent gHV68 for an extended period (e.g., .5 weeks
postinfection). While we have not directly addressed the turnover of latently infected macrophages, we have determined
that the frequency of cells carrying the gHV68 genome (as well

as the frequency of cells that reactivate gHV68) in B-celldeficient mouse PECs remains relatively constant for .150
days postinfection (36a). Since macrophages likely compose
the entire gHV68 latency reservoir in B-cell-deficient mouse
PECs, this indicates that macrophages are a long-term latency
reservoir for gHV68. Notably, the finding that thioglycolate
elicitation of inflammatory PECs resulted in no alteration in
the frequency of latently gHV68-infected cells in the peritoneum (Fig. 8) suggests that the source of latent macrophages is
an infected bone marrow precursor. Additional characterization of gHV68-infected cells in the bone marrow is required to
further address this issue.
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