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Murine gammaherpesvirus 68 (YHV68; also known as MHV-68) can establish a latent infection in both in-
bred and outbred strains of mice and, as such, provides a tractable small-animal model to address mechanisms
and cell types involved in the establishment and maintenance of chronic gammaherpesvirus infection. Latency
can be established at multiple anatomic sites, including the spleen and peritoneum; however, the contribution
of distinct cell types to the maintenance of latency within these reservoirs remains poorly characterized. B cells
are the major hematopoietic cell type harboring latent YHV68. We have analyzed various splenic B-cell subsets
at early, intermediate, and late times postinfection and determined the frequency of cells either (i) capable of
spontaneously reactivating latent yYHV68 or (ii) harboring latent viral genome. These analyses demonstrated
that latency is established in a variety of cell populations but that long-term latency (6 months postinfection)
in the spleen after intranasal inoculation predominantly occurs in B cells. Furthermore, at late times postin-
fection latent yHVG68 is largely confined to the surface immunoglobulin D-negative subset of B cells.

Members of the gammaherpesvirus subfamily represent im-
portant pathogens that infect a wide variety of mammalian
species, including humans. Representative biological charac-
teristics include the ability to establish a latent infection within
lymphocytes and association with lymphomas and lympho-
proliferative diseases. YHV68S is closely related to the human
gammaherpesviruses Epstein-Barr virus (EBV) and Kaposi’s
sarcoma-associated herpesvirus (also known as human herpes-
virus 8) (11, 12, 44). Infection of mice with yHV68 provides a
tractable model system for characterizing fundamental aspects
of gammaherpesvirus infection, pathobiology, host control,
and tumor induction (for reviews, see references 9, 10, 25, 26,
30, 31, 34, and 43). As such, it is a potentially valuable tool for
the development of strategies to disrupt or prevent the estab-
lishment of latency by gammaherpesviruses.

YHV68 was originally isolated from a bank vole (Clathriomys
glariolum), is a natural pathogen of free-living murid rodents
(6), and is able to infect both inbred and outbred mice (6, 23,
28, 36). Inbred mice inoculated with yYHV68 establish produc-
tive virus replication in the lung (36) and establish a latent
infection in the spleen (36, 37, 45). Establishment of splenic
latency is characterized by a transient phase of CD4"-T-cell-
dependent splenomegaly involving proliferation of both B and
T lymphocytes (13, 33, 36, 41) and by lymph node enlargement,
which peaks 2 to 3 weeks postinoculation. The virus is also able
to establish a latent infection in the thymus (28) and bone
marrow (47, 48) and may also establish a persistent infection in
the lungs (35).

Analogous to EBV infection, B lymphocytes appear to be
the major reservoir harboring latent YHV68 (14, 37), although
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macrophages (14, 48), splenic dendritic cells (14), and lung
epithelial cells (35) have been shown to harbor latent virus. In
peripheral blood, EBV appears to reside exclusively within
memory B cells, providing the virus with access to a long-lived
and immunologically privileged site (reviewed in references 38
and 39). There is a growing body of evidence to support the
notion that EBV has evolved mechanisms to take advantage of
the natural process of B-cell differentiation in order to gain
access to the memory B-cell compartment. EBV infection of a
resting B cell results in expression of a subset of viral gene
products that are able to provide the requisite signals leading
to activation of the B cell. It is hypothesized that these latently
infected B cells, once activated, migrate to follicles and form
germinal centers. A subset of viral genes provide surrogate
signals that allow the latently infected B cells to follow the
normal B-cell differentiation pathway, ultimately exiting the
cell cycle by differentiating into memory cells. Once the virus
has gained access to the memory compartment, EBV latency-
associated gene expression is downregulated, allowing the virus
to avoid detection by the host immune system.

It is currently unclear what cell types are responsible for
maintaining long-term yHV68 latency and whether viral infec-
tion follows a route similar to that of EBV. The purpose of the
studies described here was to address the relative distribution
of long-term latent yYHV68 infection in the spleen among non-
B-cell and various B-cell populations after intranasal chal-
lenge. At early and intermediate times postinfection the virus
was predominantly found within the B-cell compartment and
resides within both naive and more mature B cells lacking
surface immunoglobulin D (sIgD), which exhibit features rep-
resentative of memory B cells. Moreover, germinal-center cells
appear to harbor very high frequencies of latent virus at these
times. At 6 months postinfection, we show that latent YHV68
infection is largely confined to the sIgD ™ B-cell compartment.
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The present study complements a recently published report
that demonstrated that at 3 months postinfection, YHV6S la-
tently infected cell types included germinal-center B cells and
isotype-switched memory B cells (15). In contrast to that work,
we did not detect significant numbers of latently infected naive
B cells by 6 months postinfection. These findings suggest that
EBV and yHV68 share a common strategy for maintaining
latency by accessing a pool of long-lived, immunologically priv-
ileged cells, namely, memory B cells.

MATERIALS AND METHODS

Cells, viruses, and virus culture. YHV68 strain WUMS (ATCC VR-1465) was
used for all virus infections. Virus passage, maintenance, and titers were per-
formed as described previously (8). NIH 3T12 cells and mouse embryonic fibro-
blast (MEF) cells were maintained at 37°C in a 5% CO, environment in Dul-
becco modified Eagle medium supplemented with 10% fetal calf serum (FCS;
HyClone Laboratories, Inc., Logan, Utah), 100 U of penicillin per ml, 100 mg of
streptomycin per ml, and 2 mM L-glutamine (¢c(MEM). MEF cells were obtained
as described previously (27). Briefly, BALB/c mouse embryos were homoge-
nized, the resulting homogenate was plated in tissue culture flasks for 1 to 2
weeks, and the adherent cells were harvested after trypsinization.

Mice, infections, and organ harvests. Female C57BL/6] mice (catalog no.
000664; The Jackson Laboratory, Bar Harbor, Maine) between 8 and 12 weeks
of age were housed at the Yerkes vivarium in accordance with all federal,
university, and facility regulations. Mice were placed under isofluorane anesthe-
sia prior to intranasal inoculation with 1,000 PFU in 20 pl of cMEM. Mice were
sacrificed by cervical dislocation under isofluorane anesthesia, and spleens were
harvested and treated as described below. Sentinel mice were assayed every
3 months and were negative for adventitious mouse pathogens as determined by
parasitology and serology.

Cell preparation. Spleens were disrupted in a TenBroek homogenizer and
filtered through a 100-pm-pore-size nylon cell strainer (Becton Dickinson,
Franklin Lakes, N.J.). After removal of erythrocytes with red blood cell lysing
buffer (Sigma, St. Louis, Mo.), cells were collected by centrifugation, washed,
refiltered, and counted on a hemocytometer. Mononuclear cells were obtained
according to the manufacturer’s directions by layering 2 X 107 cells/ml onto
Lympholyte-M lymphocyte separation medium (Cedarlane, Hornby, Ontario,
Canada). The resulting mononuclear cell preparation was enumerated and as-
sayed for viability with trypan blue (Sigma). Control experiments in the absence
of Lympholyte-M gradient separation on bulk unsorted splenocytes and on
sorted B-cell (CD19") and non-B-cell (CD197) populations demonstrated no
significant difference in the frequency of cells harboring or reactivating viral
genome (data not shown). Pooled splenocytes from 5 to 10 mice were used in all
experiments.

Antibodies for flow cytometry. Rat anti-mouse CD16/CD32 (Fc block) was
used to block Fc receptors prior to staining in some cases. Cells were stained for
fluorescence-activated cell sorting (FACS) analysis by using combinations of the
following antibodies and lectins: phycoerythrin (PE)-conjugated antibodies di-
rected against CD19, surface immunoglobulin, and IgD (Southern Biotech, Bir-
mingham, Ala.); fluorescein isothiocyanate (FITC)-conjugated antibodies to
CD19, IgD, IgGl1, 1gG2a, IgG2b, IgG3, IgA, and IgE; allophycocyanin-conju-
gated CD19, and FITC-conjugated peanut agglutinin (PNA; Vector Laborato-
ries, Burlingame, Calif.). FITC-Ig2a and PE-Ig2a (Southern Biotech) were used
as isotype controls. All reagents were purchased from Pharmingen (San Diego,
Calif.) except as noted.

Flow cytometry. Cells were prepared as described above and resuspended at
5 X 107 cells/ml in FACS blocking buffer (8% FCS, 10% normal rabbit serum,
10% normal goat serum, 5% bovine serum albumin, and 0.5 mg of mouse
immunoglobulin/ml in 1X Hanks balanced salt solution [0.15 M NaCl, 0.015 M
sodium citrate]) or in 1X phosphate-buffered saline containing 1% FCS and Fc
block (0.125 pg/10° cells) and then maintained on ice for 30 min. Cells were
stained with PE conjugates at 0.05 pg/10° cells, FITC conjugates at 0.25 ug/10°
cells, and allophycocyanin conjugates at 0.1 pg/10° cells by incubation on ice for
1 h in the dark. FITC-PNA was used at a 1:250 dilution (20 wg/ml). Cells were
washed twice with phosphate-buffered saline containing 1% FCS, counted, and
resuspended to 5 X 107 cells/ml. Stained cell populations were immediately
acquired by using a FACSVantage SE (Becton Dickinson, Mountian View,
Calif.) or a MoFlo (Cytomation, Fort Collins, Colo.) flow cytometer. Data were
analyzed by using FloJo software (TreeStar, Inc., San Carlos, Calif.). Sorted
populations were resuspended at 10° to 107 cells/ml in cMEM supplemented with
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10% dimethyl sulfoxide and stored at —80°C for limiting-dilution PCR (LD-
PCR) assays or at 4°C in cMEM for limited dilution ex vivo reactivation assays
as described below.

Limiting-dilution ex vivo reactivation analyses. Limiting-dilution analysis to
detect reactivation from latency was performed as previously described (45, 48).
Briefly, bulk splenocyte or FACS-sorted populations were obtained from mice at
days 16 and 42 postinfection as described above. Cells were resuspended in
c¢MEM and plated in 12 serial twofold dilutions (starting with 5 X 10* or 5 X 10°
cells) onto MEF indicator cell monolayers in 96-well tissue culture plates. Twelve
to twenty-four replicate wells were plated per dilution. The wells were scored
microscopically for cytopathic effect (CPE) 21 and 28 days postplating. To detect
preformed infectious virus, duplicate cell samples were mechanically disrupted
(latent virus cannot reactivate from killed cells) and plated in parallel with live
cells. This procedure kills >99% of the cells with, at most, a twofold effect on the
titer of preformed infectious virus (45, 47, 48). This assay has a sensitivity of 0.2
PFU (45), which represents an approximate 5- to 10-fold increase in sensitivity
for detection of preformed infectious virus compared to traditional plaque assay
(45, 47, 48).

LD-PCR determination of the frequency of cells harboring viral genome. The
frequency of cells containing the YHV68 genome was determined by using a
single-copy sensitivity nested PCR assay as described previously, with the fol-
lowing modifications (47, 48). Briefly, splenocytes harvested at days 16, 42, and
182 postinfection and stored at —80°C in cMEM supplemented with 10% di-
methyl sulfoxide were thawed, counted, and resuspended in isotonic buffer. A
series of six threefold serial dilutions, starting with 10* cells per well, were plated
in a background of 10* uninfected NIH 3T12 cells in 96-well PCR plates (MWG
Biotech, High Point, N.C.) containing 5 ul of lysis solution. Twelve replicate
PCRs were performed for each cell dilution per sample per experiment. Within
each set of PCR samples, negative controls (water) and positive controls con-
sisting of 10 copies, 1 copy, or 0.1 copy of pBamHI-N plasmid (12) diluted into
a background of 10* uninfected NIH 3T12 cells (48) were used as sensitivity
controls. Plates were sealed with PCR foil (Eppendorf Scientific, Westbury,
N.Y.), and the cells subjected to lysis by proteinase K at 56°C for 6 h, followed
by enzyme inactivation at 95°C for 20 min. A total of 10 ul of round 1 PCR
cocktail was added directly to each well by foil puncture, and the first round of
PCR was performed. Subsequently, 10 wl of round 2 PCR cocktail was added
directly to the wells by foil puncture and subjected to a second round of PCR. All
cell lysis and PCR protocols were performed as described previously (47, 48) on
a PrimusHT thermal cycler (MWG Biotech). Reaction products were separated
on 1.5% agarose gels in 1X TAE buffer containing 0.5 mg of ethidium bromide/
ml. All of the assays demonstrated near-single-copy sensitivity with no false
positives. All PCR setup and manipulations were conducted in a PCR-dedicated
room by using either positive-displacement pipettors or traditional pipettors with
aerosol-resistant barrier tips.

Statistical analyses. All data analysis was conducted by using GraphPad Prism
software (GraphPad Software, San Diego, Calif.). For limiting-dilution analysis
of latency and reactivation, data were subjected to nonlinear regression analysis
(with a sigmoidal dose-response algorithm for best fit). Frequencies of reactiva-
tion and viral-genome-positive cells were obtained from the nonlinear regression
fit of the data where the regression line intersected 63.2%. Based on the Poisson
distribution, this is the frequency at which there is at least one event present in
a population.

RESULTS

Reactivation of latent YHV68 from splenic B-cell and non-
B-cell populations at day 16 postinfection. Mononuclear sin-
gle-cell preparations were generated from spleens harvested
from yHV68-infected mice at 16 days postinfection (dpi).
Splenocytes were stained with antibody directed against the
pan-B-cell marker CD19 (a transmembrane glycoprotein that
is selectively expressed on the surface of B lymphocytes) (Fig.
1A) (49). CD19" (B-cell) and CD19~ (non-B-cell) fractions
were purified from bulk splenocytes by FACS (Fig. 1). After
this approach we were able to obtain significant enrichment of
each cell population, as illustrated in Fig. 1B. We determined
the frequency of cells reactivating virus from unfractioned
splenocytes and from the CD19" and CD19~ splenic cell sub-
sets by using a limiting-dilution ex vivo reactivation assay (see
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FIG. 1. FACS analysis of purified splenic lymphocyte populations. Splenocytes collected from C57BL/6J mice were isolated and prepared as
described in Materials and Methods. Cells were fractionated into B-cell and non-B-cell populations by staining with a PE-conjugated antibody to
the pan-B-cell marker CD19. CD19™ cells were further fractionated into IgD* and IgD~ B-cell subsets by using an FITC-conjugated antibody to
IgD. Flow cytometric dot plots from one representative experiment are shown. (A) Unfractionated total splenocytes stained with a pan-B-cell
marker (CD19-PE) and FITC-conjugated IgD. (B) Postsort FACS analysis indicating purity of sorted lymphocyte subsets. The mean purities over
four replicate experiments were as follows: CD19" (96.5% =+ 2.82%), CD19~ (97.6% =+ 4.72%), CD19" IgD™" (95.7% =+ 2.4%), and CD19" IgD~
(92% =+ 3.7%). The extent of contamination of sorted populations was limited to 2.72% * 0.6 and 0.93% = 0.46 for the CD19" and CD19~
fractions, respectively. Purified IgD™ and IgD ™~ B-cell subsets demonstrated only minimal contamination of 0.63% = 0.08% and 0.75% = 0.18%,
respectively, with the unwanted cell type.

Materials and Methods) (45, 47). This assay involves serially
diluting harvested cells and plating them on MEF indicator
monolayers (which are permissive for yHV68 replication).
Spontaneous virus reactivation from latency is scored as viral
CPE on the MEF monolayers at days 21 and 28 postplating of
the latently infected cells. Since reactivation from latency re-
quires plating live cells, the relative contribution of preformed

infectious virus can be assessed by plating mechanically dis-
rupted cells in parallel with live cells.

At 16 dpi, unsorted splenocytes demonstrated high levels
of reactivation (ca. 1 in 1,900 cells) (Fig. 2A and Table 1),
whereas there is a marked difference in the ability of virus to
reactivate virus from the purified B-cell (CD19") and non-B-
cell (CD197) fractions. The B-lymphocyte fraction showed
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FIG. 2. Survey of splenic latency 16 days after intranasal infection. Bulk splenocytes or FACS-sorted splenic cell populations were obtained
from yHV68-infected C57BL/6J mice at 16 dpi and analyzed by limiting-dilution ex vivo reactivation and limiting-dilution viral-genome PCR
assays. (A) Frequency of cells reactivating virus. For the ex vivo reactivation assay, serial dilutions of live, intact cells (solid symbols and lines) were
plated on MEF indicator monolayers in parallel with samples that had been mechanically disrupted in order to distinguish between virus
reactivation from latency and virus replication resulting from preformed infectious virus (open symbols and dashed lines) (see Materials and
Methods). (B) Frequency of cells harboring viral genome. The frequency of viral-genome-positive cells was determined by using an LD-PCR assay.
Serial dilutions of cells were plated into a background of 10* uninfected cells, lysed, and analyzed by a nested PCR to detect viral genome (see
Materials and Methods). For both assays, curve fit lines were derived from nonlinear regression analysis, and symbols represent mean percentages
of wells positive for virus (viral DNA or CPE) =+ the standard error of the mean (SEM). The dashed line represents 63.2%, from which the
frequency of viral-genome-positive cells or the frequency of cells reactivating virus was calculated based on a Poisson distribution. The data shown
represent at least three independent experiments, with cells pooled from 10 mice per experimental group.

detectable levels of reactivation (ca. 1 in 53,000 cells) but, in
contrast, reactivation from the non-B-cell fraction was below
the limit of detection of this assay (Fig. 2A and Table 1). In
addition, these results showed very low or undetectable levels
of preformed infectious virus (dashed lines) in the bulk-un-
sorted and CD19™" samples (Fig. 2A), which is consistent with
previous studies demonstrating the clearance of lytic virus by
this time postinfection (36, 46). Thus, the majority of detect-
able CPE in this assay can be attributed to reactivation of
latent virus.

The FACS-sorted populations showed a significant decrease
in the frequency of cells spontaneously reactivating virus com-

pared to bulk unsorted splenocyte population. As has been
reported previously, the physical process of cell sorting can
have dramatic effects on reactivation frequencies (14). Consis-
tent with these findings, we routinely observed a 1- to 1.5-log
decrease in reactivation efficiency of mock-sorted cells com-
pared to bulk unsorted samples (data not shown). Importantly,
this decrease in reactivation efficiency was a not the result of
antibody staining or due to prolonged incubations at 4°C.
Moreover, the viability of cells postsort was comparable to that
of presort samples, as judged by trypan blue staining (data not
shown), although the extended viability of these sorted cells
has not been addressed.
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TABLE 1. Frequency of cells reactivating yYHV68: explant cultures
of unsorted and sorted splenocytes at 16 dpi

Frequency of reactivation”

Cell fraction Total no. of Total no. of cells
Frequency” cells® reactivating?
Unsorted 1/1,850 8.1 x 107 43,784
CD19* 1/53,000 5.2 x 107 981
CD19~ ND 2.9 x 107 NA
CD19* IgDJr ND 4.6 x 107 NA
CD19" IgD~ 1/18,000 6.2 X 10° 344

“ Reactivation frequencies were calculated from splenocyte subsets obtained
16 dpi.

" Frequencies of reactivating cells were derived from the mean of at least three
independent experiments with splenocytes pooled from 10 mice per experimen-
tal group. ND, not determined because the values were below the limit of
detection of the assay.

¢ Cell numbers were derived from total cells per spleen (8.1 X 107) and the
percentage of the total spleen cells that each subset represents, as calculated
from FACS gating (CD19", 64%; CD19~, 36%; CD19* IgD™, 56.3%; CD19™"
1gD™; 7.7%).

@ The total number of reactivating cells was determined by using the experi-
mental frequency data and the estimated total cell numbers per subset. NA, not
applicable due to the inability to accurately estimate the frequency of reactivat-
ing cells.

Frequency of splenic B-cell and non-B cells harboring latent
YHV68 at day 16 postinfection. Having established that the
bulk of CPE detected by the ex vivo reactivation analyses arises
from reactivation of latent virus, purified B-cell and non-B-cell
populations were assayed for the frequency of cells harboring
viral genome by using a LD-PCR assay (see Materials and
Methods). Serial dilutions of these purified cell populations
were plated into a background of 10* uninfected cells and then
replicates of each dilution were assayed for the presence of
viral DNA by nested PCR. By measuring the frequency of
positive PCRs through a dilution series and by using Poisson
distribution statistics, we were able to calculate the frequency
of cells harboring virus for any given cell population. Viral-
genome-positive cells were easily detected from within the
unsorted spleen preparation (ca. 1 in 200 cells) (Fig. 2B and
Table 2). An examination of the frequency of viral-genome-
positive cells within the sorted populations revealed that both
B-cell and non-B-cell fractions harbor virus at day 16 postin-
fection. The frequency of viral-genome-positive cells in the
purified B-cell fraction (CD19™) was equivalent to that ob-
served in the bulk, unsorted splenocyte population (1 in 200 B
cells harbored viral genome) (Fig. 2B and Table 2). Notably,
there was a significantly lower frequency of viral-genome-pos-
itive cells in the non-B-cell population (CD197) (1 in 9,000
cells harbored viral genome).

Both naive and sIgD™ splenic B cells are latently infected at
day 16 postinfection, but virus reactivates preferentially from
the sIgD™ B-cell population. It is clear from the analyses de-
scribed above that B cells harbor a significant fraction of the
latent virus present in the spleen at 16 dpi. However, it is
unknown whether specific subsets of B cells are preferential
targets for latent virus infection. Recent studies have shown
that within the peripheral blood of EBV-infected individuals
virus is restricted to the sIgD ™ population of B cells, but within
the tonsils EBV is found within both sIgD™ and sIgD ™~ B cells
(for a review, see references 38 and 39). sIgD is a marker for
mature, naive B cells but is downregulated sometime during
the germinal-center reaction as naive B cells differentiate into

J. VIROL.

either plasma or memory B cells. The resulting sIgD ™ B cells
represent memory B cells that either maintain surface IgM
expression or express a switched immunogloblulin isotype on
their surfaces (IgG, IgA, or IgE). Although it has been dem-
onstrated that activated B cells expressing markers represen-
tative of germinal-center B cells preferentially harbor yYHV68
infection (14), it is currently not known whether yYHV68 has
any bias for B cells with respect to sIgD expression. Spleen
cells isolated at 16 dpi were simultaneously stained with anti-
bodies directed against CD19 and IgD and sorted into CD19™
IgD™" (naive) and CD19" IgD~ fractions by FACS (Fig. 1).
These populations were subsequently assayed for their ability
to reactivate virus upon coculture, as described above.

Ex vivo reactivation assays demonstrated that the naive B-
cell fraction showed a very low but detectable frequency of
virus reactivation (Fig. 2A), although the frequency was not
much greater than that seen for preformed infectious virus
(Fig. 2A, dashed line). Although the level of reactivation seen
in this fraction is not statistically significant, we could approx-
imate a reactivation frequency of 1in 2 X 10° cells by extrap-
olation. In contrast, the IgD~ B-cell subset demonstrated sig-
nificant reactivation (ca. 1 in 18,000) while exhibiting no

TABLE 2. Frequency of cells harboring yHV68: analysis
of splenocyte populations

Frequency of viral-genome-positive cells

Cell fraction

. Total no. of No. of latently
dpi  Frequency” cells” infected cells®
Unsorted 16 1/200 8.1 x 107 405,000
42 1/3,500 5.9 x 107 16,857
182 1/18,500 3.8 X 107 2,054
CD19* 16 1/200 5.2 %107 259,000
42 1/4500 3.8 X 107 8,400
182 1/28,000 2.4 % 107 868
CD19~ 16 1/9000 2.9 x 107 3,244
42 ND 2.1 x 107 NA
182 ND 1.4 x 107 NA
CD19" IgD™* 16 1/230 4.6 X 107 200,000
42 1/12250 3.3 x 107 2,710
182 ND 2.1 x 107 NA
CD19" IgD~ 16 1/50 6.2 X 10° 124,740
42 1/700 4.5 x 10° 6,586
182 1/2000 2.9 x 10° 1,465
Isotype-switched 84 1/1500 2.5 X 10° 1692

CD19* IgD ¢

“ Frequencies of viral-genome-positive cells represent the mean of at least
three independent experiments with splenocytes pooled from 10 mice per ex-
perimental group. ND, not determined because values were below the limit of
detection of the assay.

b Cell numbers were derived from the calculated total number of spleen cells
at days 16, 42, 84, and 182 postinfection (8.1 X 107,5.9 X 107, 5.4 X 107, and 3.8
% 107, respectively) and from the percentage of total spleen cells that each subset
represents, as calculated from FACS gating (CD19™, 64%; CD19~; 36%; CD19"
IgD™, 56.3%; CD19"* IgD ™, 7.7%, isotype-switched IgD~ B cells, 4.7%).

¢ The total number of latently infected cells was determined by using the
experimental frequency data and the estimated total cell numbers per subset.
NA, not applicable due to the inability to accurately estimate the frequency of
cells harboring viral genome.

 Isotype-switched memory B cells were stained and sorted by using a cocktail
of antibodies directed against IgG1, IgG2a/b, IgG3, IgA, and IgE.
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FIG. 3. Analysis of splenic latency 42 dpi after intranasal infection. Bulk splenocytes or specific FACS-sorted splenic cell subsets were obtained
at 42 dpi. Cell populations were analyzed for the frequency of viral-genome-positive cells by LD-PCR as described in Materials and Methods. The
data shown represent at least three independent experiments, with cells pooled from 10 mice per experimental group. Curve fit lines were derived
from nonlinear regression analysis, and symbols represent mean percentages of wells positive for viral genome. The error bars represent the SEM.
Frequency analysis was based on the Poisson distribution with the horizontal dashed line at 63.2%. Symbols: A, unsorted splenocytes; [J, CD19*
(B cells); m, CD19~ (non-B cells); O, CD19" IgD™; @, CD19" IgD™" (naive B cells).

detectable presence of preformed infectious virus in the dis-
rupted cell samples (Fig. 2A and Table 1). Based on this
analysis, reactivation of latent virus from purified B cells ap-
pears to arise almost exclusively from the sIgD ™ splenic B-cell
population. Thus, although we cannot directly compare the
reactivation frequencies of unsorted versus sorted cells popu-
lations due to the effects of cell sorting on the efficiency of virus
reactivation, it appears that we can compare reactivation be-
tween sorted populations since the reactivation frequency ob-
served in the CD19™" fraction can largely be accounted for by
virus reactivation from the sIgD ™~ fraction (Fig. 2A and Table
1). However, these results must be interpreted with caution
since it is possible that the ability to reactivate virus from
specific B-cell and non-B-cell populations is differentially af-
fected by the cell-sorting process. In addition, the ex vivo
reactivation assay may not detect reactivation from latently
infected cell populations whose survival in culture is very lim-
ited.

To extend the above analyses, the frequency of sigD™ and
sIgD ™ B cells that harbor latent viral genome was determined.
As expected, these analyses demonstrated that the sIgD ™ sub-
set of B cells contained a higher frequency of viral-genome-
positive cells (1 in 50) compared to the sIgD™* (naive) B-cell
fraction (1 in 230) (Fig. 2B and Table 2). By comparing the
frequency of cells harboring virus within these two B-cell sub-
sets to the frequency of virus present within the total B-cell
populations, it is clear that they can account for all of the virus
within the total splenic B-cell population (Table 2), and thus
the process of fractionating B-cell subsets does not appear to
have led to a selective loss of a virus-infected B-cell population.
By comparing the frequency of cells in each population that (i)
reactivate latent virus and (ii) harbor viral genome, we deter-
mined that the efficiencies of virus reactivation from total
splenic B cells, sigD~ B cells, and sIgD" B cells at day 16
postinfection were ca. 0.38, 0.28, and 0.1%, respectively. Thus,
based on these analyses it appears that sigD ™ B cells reactivate
yYHV68 with a slightly greater efficiency than yHV68-infected
naive B cells, although the physiological relevance of this dif-
ference is unclear at this time.

sIgD™ B cells are the predominant latently infected cell
population in the spleen at intermediate and late times postin-
fection. To extend the analyses described above, we examined
viral latency in the spleen 6 weeks and 6 months postinfection.
At 6 weeks postinfection, spleen cells were again sorted into
B-cell and non-B-cell populations, with the B cells being fur-
ther sorted based on sIgD expression. LD-PCR assays and
limiting-dilution ex vivo reactivation assays were conducted on
unsorted and sorted cell populations to determine the fre-
quency of cells harboring virus, and the frequency of cell re-
activating from latency, respectively (see Fig. 3 and Tables 1
and 2). We observed a drop of ca. 1.5 logs from day 16 to day
42 postinfection in the frequency of cells harboring viral ge-
nome in bulk unsorted splenocytes and an equivalent drop in
the frequency of viral-genome-positive cells in the purified
B-cell fraction. Analysis of the non-B-cell splenocyte popula-
tion at 6 weeks postinfection revealed a frequency of viral-
genome-positive cells below the limit of detection of the assay.
Thus, by 6 weeks postinfection virtually all of the latent virus
appears to be present within the B-cell fraction (compare the
frequencies of viral-genome-positive cells in B cells versus the
bulk unsorted sample; Fig. 3 and Table 2). Examination of the
sIgD™ and sIgD ™~ B-cell subsets revealed a further increase in
the bias toward infection of the sIgD ™ fraction (Fig. 3). Nota-
bly, from day 16 to 6 weeks postinfection there was a substan-
tial decrease in the frequency of naive B cells harboring viral
genome (barely detectable), whereas there was only a modest
decrease in the frequency of viral-genome-positive cells in the
CD19" sIgD ™ fraction (Fig. 3 and Table 2).

Reactivation frequencies at 42 dpi were also assessed for the
unsorted and sorted splenocyte populations. Notably, the fre-
quency of splenocytes reactivating virus at this time postin-
fection was extremely low and precluded any comparison of
reactivation frequencies (data not shown). This finding is con-
sistent with previous observations showing a marked lack of
reactivation in the spleen after intranasal infection at 6 weeks
postinfection (16, 48). As such, monitoring spontaneous virus
reactivation from the spleen at late times postinfection is not
informative.
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FIG. 4. Long-term splenic latency is maintained within the IgD™ subset of B cells in vivo. Bulk splenocytes and FACS-sorted splenic subsets
were obtained at days 16 (OJ), 42 (A), and 182 (O) postinfection after infection of C57BL/6J mice with yHV68. Cells were analyzed for the
frequency of genome-positive cells by LD-PCR as described in Materials and Methods. The data demonstrate a decrease in overall frequency of
viral-genome-positive cells from all compartments over the time course analyzed. The data shown represent three to four independent experiments,
with cells pooled from 10 mice per experiment. Curve fit lines were derived from nonlinear regression analysis, and symbols represent mean
percentages of wells positive for viral genome * the SEM. Frequency analysis was based on the Poisson distribution with the horizontal dashed
line at 63.2%. Symbols: [J, 16 dpi (early); A, 42 dpi (intermediate); O, 182 dpi (late).

To complete the time course of YHV68 latency in the spleen
of C57BL/6 mice, we examined the frequency of cells harbor-
ing virus in various splenocyte subsets at 6 months postinfec-
tion. Figure 4 illustrates the presence of viral-genome-positive
cells within the bulk unsorted fraction, the B-cell fraction, and
the IgD ™ B-cell subset. By 6 months postinfection we could not
detect any viral-genome-positive cells in the non-B-cell frac-
tion. In addition, we could not detect virus in the naive B-cell
population (CD19™", IgD "), indicating that infection of naive B
cells in the spleen occurs transiently during the early stages of
chronic infection. In contrast to the disappearance of virus
from non-B-cell and naive B-cell reservoirs, we readily de-
tected virus in the CD19™, sIgD™ B cells, which continue to
maintain moderate levels of latent YHV68 (ca. 1 in 2,000) out
to 182 dpi (Fig. 4 and Table 2). Throughout our analyses, the

CD19" IgD ™ fraction of cells comprised 7.7% =+ 2.2% of total
splenocytes, as judged by presort analysis, with very little vari-
ation between the time points examined. As a result of selec-
tive enrichment for this cell population by FACS, we are
roughly able to account for the bulk of viral-genome-positive
cells seen in the unsorted bulk fraction (ca. 1 in 18,500) (Fig. 4
and Table 2). These analyses demonstrate that at late times
postinfection latent virus is mostly excluded from the CD19™
and naive B-cell populations and preferentially associated with
a subset of B cells lacking sIgD.

Germinal-center B cells and surface immunoglobulin-ex-
pressing CD19" IgD™~ cells are reservoirs of latent virus at
early and intermediate times postinfection. To further charac-
terize the phenotypes of sigD ™ B cells harboring latent YHV68
at early and intermediate times postinfection, we assessed
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FIG. 5. Analysis of PNA and surface immunoglobulin staining of the sIgD~ B-cell population. Bulk splenocytes were harvested at 16 and 42
dpi and stained with antibodies directed to CD19, sIgD, and PNA or surface immunoglobulin. (A) Cells phenotypically CD19" IgD~ were gated
and used for subsequent fractionation with additional cell surface markers. This population represented on average ca. 7.7% of the total splenocyte

population. (B) Profile of PNA staining for cells within the gated area at 16 dpi. At this point, 39.3% =

+ 8.2% of CD19" IgD "~ cells were PNAMe",

and 59.25% * 9.3% were PNA'Y. At 42 dpi these numbers were 23.3% = 1.3% and 76.0% = 2.3%, respectively. (C) Postsort analysis showing
an overlay of CD19" IgD~ PNA!®Y (shaded area, 98.9% pure) and CD19" IgD~ PNAMe" cells (open area, 82% pure). (D) Staining profile of total
splenocytes with a pan-immunoglobulin antibody. (E) Postsort fraction of CD19" IgD~ immunoglobulin-positive cells (93.6% pure).

whether virus was present in sIgD~ germinal-center B cells.
Germinal-center B cells avidly bind the lectin PNA (29). We
sorted CD19" IgD™ cells into PNAM&" (germinal-center B
cells) and PNA!™ B cells (Fig. 5). At both early and interme-
diate times postinfection, a higher frequency of germinal-cen-
ter B cells harbored viral genome than the PNA'Y B-cell
population (Fig. 6). This difference was greater at day 16
postinfection (1 in 12 versus 1 in 170) than at day 42 postin-

fection (1 in 180 versus 1 in 960). Notably, at day 16 postin-
fection the total number of PNAME" B cells harboring viral
genome was nearly 10-fold higher than the total number of
PNA!™ B cells (204,261 versus 21,738; see Table 3). However,
by day 42 postinfection the total number of PNAME" and
PNA™ were roughly equivalent (5,822 and 3,562, respec-
tively). Thus, yYHV68 latency persists in germinal-center B
cells over an extended period of time. These results are con-
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TABLE 3. yHVG68 latency at early and intermediate times
postinfection can be found within germinal-center cells
and surface immunoglobulin-positive, sigD™ B cells

Frequency of viral-genome-positive cells

Cell
fraction? . 3 Total no. No. of latently
dpi Frequency of cells infected cells?
PNAPieh 16 1/12 2.4 % 10° 204,261
42 1/180 1.0 X 10° 5,822
PNA™ 16 1/170 3.7 X 10° 21,738
42 1/960 3.4 x 10° 3,562

“ All cell fractions were derived from initial gating on CD19" IgD ™~ cells and
then further fractionated into the indicated subsets.

® The data shown are the mean values of at least two replicate experiments,
with cell populations derived from the pooled spleens recovered from 5 to 10
mice per experiment.

¢ Cell numbers were derived from the calculated total number of spleen cells
at days 16 and 42 postinfection (8.1 X 107 and 5.9 X 107, respectively) and the
percentage of total spleen cells that each subset represents, as calculated from
FACS gating.

4 The total number of latently infected cells was determined by using the
experimental frequency data and the estimated total cell numbers per subset.

sistent with a recent report from Flano et al. (15) demonstrat-
ing that germinal-center B cells are a major reservoir of
YHV6S latency at 16 days and 3 months postinfection.
Having examined the sIgD™ B-cell fraction with respect to
PNA binding, we also examined this specific subset of B cells
for expression of surface immunoglobulin, since the loss of
sIgD from B cells does not identify them conclusively as mem-
ory B cells. Memory B cells arising from GC reactions can
either maintain surface IgM expression or alternatively express
an isotype-switched phenotype (IgG, IgA, and IgE) on their
cell surface. To control for the possibility that yYHV68 may
reside in an uncharacterized population of CD19™ cells lacking
surface Ig, we examined purified IgD™ B cells with respect to
the expression of surface immunoglobulin by using a pan-
immunoglobulin antibody and FACS-sorted IgD ™ surface im-
munoglobulin-positive B cells at day 16 and day 42 postinfec-
tion. Importantly, virtually all CD19" IgD ™~ cells were surface
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immunoglobulin positive (data not shown). Furthermore, this
purified B-cell subset harbored viral genome at levels compa-
rable to that seen in the IgD ™~ B-cell fraction (1 in 205 at 16 dpi
and 1 in 1,700 at 42 dpi). We also examined the presence of
latent yHV68 in isotype-switched memory B cells by using a
cocktail of antibodies (IgG1, IgG2a, 1gG2b, 1gG3, IgA, and
IgE) at 3 months postinfection. At this late time point there
was a significant frequency of viral genome present in the
isotype-switched IgD ™ B-cell fraction (1 in 1,500; see Table 2).
Taken together, these results indicate that yYHV68 latency is
preferentially found in both germinal-center and memory B
cells by day 42 postinfection and is maintained at a relatively
high frequency in isotype-switched memory B cells at least out
to 3 months postinfection.

DISCUSSION

Analogous to the findings with EBV, there appears to be a
unique role for B cells in the establishment of long-term la-
tency in yYHV68-infected mice. B cells represent the principal
reservoir of splenic latency after intranasal inoculation (14, 37,
47), and there is a failure to establish latency in the spleens of
B-cell-deficient mice after intranasal inoculation (42, 47).
These results suggest a role for B cells in trafficking virus to the
spleen. Consistent with this hypothesis, adoptive transfer of B
cells into latently infected B-cell-deficient mice is able to re-
store splenic latency (35).

Although B cells have been implicated as a major reservoir
of splenic latency, up until now it has been unclear what pop-
ulations of B cells are integral for maintenance of life-long
latency within the host. Studies on EBV infection of humans
suggest that gammaherpesviruses may have evolved a clever
strategy to usurp control of normal B-cell differentiation path-
ways to gain access to the memory B-cell compartment, where
they are able to hide from immune surveillance (for reviews,
see references 38 and 39). EBV is able to infect any resting B
cell (24) and, through the coordinated expression of a subset of
viral genes (3), is able to activate infected B cells and drive
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FIG. 6. Latent virus is preferentially found within PNA™e" IgD™ B cells at 16 and 42 dpi. Splenocytes were harvested at day 16 (left panel) and
day 42 (right panel) and FACS sorted into CD19* IgD~ PNAME" and CD19* IgD~ PNA®Y cell subsets. The purified fractions were analyzed for
the frequency of cells harboring viral genome by using the LD-PCR assay as described in Materials and Methods. Viral genome was found

preferentially within the PNAME" subset of CD19* IgD ™

at both early and intermediate times postinfection. The data shown represent two

independent experiments, with cells pooled from 10 mice per experiment. Curve fit lines were derived from nonlinear regression analysis, and
symbols represent mean percentages of wells positive for viral DNA * the SEM. Frequency analysis was based on the Poisson distribution with
the horizontal dashed line at 63.2%. Symbols: [J, CD19" IgD~ PNAMe"; @, CD19" IgD~ PNA'*™.
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them to proliferate (40). These proliferating B lymphoblasts
are thought to migrate to peripheral lymphoid tissues, where
they form germinal centers. During normal B-cell differentia-
tion, B cells entering germinal centers, provided they are pos-
itively selected for during the process of affinity maturation,
leave the germinal center as either antibody-producing plasma
cells or long-lived memory B cells. Expression of the EBV
latency-associated membrane antigens LMP1 and LMP2A in
infected germinal-center B cells is thought to provide signals
that promote survival and differentiation of these germinal-
center B cells into memory B cells.

In the peripheral blood, EBV latency is tightly restricted to
resting memory B cells (2, 16, 24), whereas in sites of active
virus replication, such as the tonsils, EBV infection of naive,
germinal-center, and memory B cells populations can be de-
tected (4, 19). Additionally, EBV resides within both sIgD™
and sIgD ™ B cells in the spleen (19). Memory B cells are able
to circulate throughout the bloodstream and are also known to
take up residency within the bone marrow, spleen, and lymph
nodes. The longevity of memory B cells provides a stable res-
ervoir for EBV latency while still providing the potential for
reactivation, infection of naive cells, and shedding of virus at
specific anatomic sites.

We have shown here that during the initial stages of infec-
tion YHV68 latently infects both B cells and some non-B cells,
but in our analyses only the B-cell fraction exhibited apprecia-
ble reactivation from latency. This is in agreement with previ-
ously published reports demonstrating reactivation of virus
from B cells (37, 45). Reactivation from the B-cell compart-
ment was derived almost exclusively from the sIgD™ subset of
B cells, with naive B cells contributing only minimally to the
overall B-cell reactivation frequency. Latent virus within the
non-B-cell fraction presumably represents infection of both
macrophages and dendritic cells, which are known to be targets
of yHV68 infection (14, 48). Although reactivation from both
macrophages (14, 48) and dendritic cells (14) has been re-
ported previously, we consistently observed only a low level of
reactivation from the non-B-cell subset. This may, at least in
part, be due in our analyses to the lack of specific enrichment
for these cell types, which account for only a small fraction of
total spleen cells at this time. Macrophages and dendritic cells
account for 5.6 and 6.7%, respectively, of total cells in the
spleen of YHV68-infected mice at 14 dpi (14). In addition, we
cannot rule out that the physical rigors of cell sorting may also
have contributed to the low levels of reactivation observed
within the non-B-cell fraction. Throughout our analyses, little
or no preformed infectious virus was present, indicating that all
of the virus growth detected in the ex vivo reactivation analyses
arose from latently infected cells reactivating virus.

Having established acute viral infection had been largely
cleared by this time, we extended the above analysis to deter-
mine the frequency of cells harboring viral genome from within
our sorted cell populations. Viral genome is present within the
non-B-cell fraction, although the frequency of viral-genome-
positive cells within the B-cell fraction is much greater and
accounts for the vast majority of latently infected cells at this
time. We examined various subsets of B cells and showed that
naive, IgD ™, and germinal-center B cells all harbor significant
levels of latent virus. In agreement with previously published
reports (14, 15), we saw a very high frequency of virus in both
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IgD™ (11in 50 cells) and germinal-center B cells (1 in 12) which
cannot be accounted for by contaminating cell populations. We
know from these analyses that the CD19" IgD™ fraction of
cells are additionally surface immunoglobulin positive (many
of which have undergone isotype switching). Based on these
analyses, we conclude that the majority of latent yYHV68 in the
spleen at late times postinfection is harbored in germinal-
center and memory B cells.

By 42 d.p.i. there is little or no detectable virus within the
non-B cell reservoir. The lack of dectectable virus in the non-B
cell reservoir may be due to a more rapid turnover of these
cells types without reseeding of these reservoirs, and/or may be
due to an effective CTL response directed against these virally
infected cells. Moreover, infection of macrophage and den-
dritic cells may lead to dead-end infections, although these cell
types may play pivotal roles during the early stages of infection
and establishment of latency. In contrast, high levels of virus
within the B-cell population are maintained at 42 d.p.i, which
can account for much of the detectable virus seen in the un-
sorted splenocyte population. Although the absolute frequen-
cies of viral-genome-positive cells decreased from two to six-
weeks postinfection, an even more pronounced bias for virus
within the sIgD™ B-cell population was apparent. Within this
population, germinal-center B cells still maintain significant
numbers of latently infected cells. Germinal-center reactions
are thought to reach peak development by 10 to 12 postexpo-
sure to primary antigen, after which they begin to dissociate by
around 21 to 28 days after initial antigen encounter (reviewed
in reference 21). Although germinal centers have been visual-
ized as late as 100 dpi (5), it is unclear whether the germinal-
center cells seen at this time represent germinal centers found
in response to the initial infection which are beginning to
dissipate or if there is ongoing germinal-center formation dur-
ing the chronic phase of YHV68 infection.

Extending the analysis of splenic latency afforded an exam-
ination of what is likely to reflect the steady-state maintenance
of YHV68 latency. Strikingly, at late times postinfection, only
slgD ™ B cells harbor significant levels of latent virus; many of
these cells have undergone isotype switching by 3 months
postinfection. It is possible that we have unknowingly selected
against a specific cell population(s) that contains latent virus
through our choice of FACS gates. However, it should be
noted that the sIgD™ B-cell population, which on average
represents ca. 7% of the total splenocytes, is able to account
for nearly all of the viral-genome-positive cells detected in the
bulk unsorted fraction at 6 months postinfection and thus
suggests that [gD ™ B cells are the primary reservoir involved in
maintaining long-term latency in the spleen. In contrast to a
recently published report demonstrating that naive B cells har-
bor viral genome (15), we were unable to detect any viral-
genome-positive cells within the naive B-cell population by 6
months postinfection. Flano et al. (15) assessed infection at 3
months postinoculation, indicating that at this time point la-
tency is still a dynamic process and has not yet reached steady
state. How the pool of latently infected memory B cells is
maintained is unknown. Long-term latency could be main-
tained as follows: (i) low-level reactivation and reseeding of
latency reservoirs or (ii) antigen-independent, or possibly an-
tigen-dependent, turnover of existing YHV68 latently infected
memory B-cell pools. It is unclear whether latently infected
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memory B cells traveling in the peripheral blood are activated
upon entry into secondary lymphoid tissues, resulting in ter-
minal differentiation into either plasma cells or memory cells
once again. Survival of circulating memory B cells reentering
secondary lymphoid tissues requires two signals: (i) antigen-
specific T-cell help and (ii) B-cell antigen receptor signaling
(20, 22). EBV encodes two gene products—LMP1 and
LMP2a—that are capable of supplying these survival signals (1,
7, 18, 50). yYHV68 does not appear to encode homologs of
either of these EBV gene products (44). Further studies will
identify whether any of the genes unique to yYHV68 can pro-
vide surrogate signals analogous to those provided by LMP1
and LMP2A of EBV.

A major question raised by the observation of YHV6S in
memory B cells, shown here and by the studies of Flano et al.
(15), is whether yYHV68 infection of B cells drives their differ-
entiation into memory B cells or, alternatively, whether the
bias for infection of the memory B-cell reservoir at late times
postinfection simply reflects the slow turnover of this cell pop-
ulation. Clearly in the case of EBV infection, as discussed
above, the known activities of the EBV latency-associated an-
tigens supports the former model, i.e., EBV driving terminal
B-cell differentiation. yYHV68 infection of mice provides an
ideal small-animal model with which to directly address this
issue. Since YHV6S8 latency-associated genes are identified,
their impact on the establishment of long-term latency in the
memory B-cell reservoir can be directly assessed. Such analyses
may lead to the identification of specific YHV68 gene products
required for driving B-cell differentiation.

A final issue to consider is how YHV68 might persist in the
memory B-cell reservoir without alerting the host immune
system. Recent data from the analysis of EBV latency in cells
exhibiting a resting memory B-cell phenotype suggest that ex-
pression of immunogenic viral proteins may be tolerated within
this reservoir, at least with respect to detection by CD8" T
cells (17, 32). It is also clear from studies on EBV that, during
the transition from virus-driven B-cell activation and prolifer-
ation to long-term latency in resting memory B cells, there is an
associated downregulation of EBV latency-associated gene ex-
pression (3, 4). Thus, we can speculate that in the case of
YHV68 infection, memory B cells may provide an immuno-
privileged site that, in conjunction with limited viral gene ex-
pression, affords the virus a safe haven from the host T-cell
response.
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