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Intranasal infection of mice with murine gammaherpesvirus 68 (MHV-68), a virus genetically related to the
human pathogen Kaposi’s sarcoma-associated herpesvirus, results in a persistent, latent infection in the
spleen and other lymphoid organs. Here, we have determined the frequency of virus infection in splenic
dendritic cells, macrophages, and several B-cell subpopulations, and we quantified cell type-dependent virus
transcription patterns. The frequencies of virus genome positive cells were maximal at 14 days postinfection
in all splenic cell populations analyzed. Marginal zone and germinal center B cells harbored the highest
frequency of infection and the former population accounted for approximately half the total number of infected
B cells. Analysis of virus transcription during the establishment of latency revealed that virus gene expression
in B cells was restricted and dependent on the differentiation stage of the B cell. Notably, transcription of
ORF73 was detected in germinal center B cells, a finding in agreement with the predicted latent genome
maintenance function of ORF73 in dividing cells. At late times after infection, virus DNA could only be detected
in newly formed and germinal center B cells, which suggests that B cells play a critical role in facilitating

life-long latency.

Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated
herpesvirus (KSHV) are human gammaherpesviruses, belong-
ing to the gamma-1 and gamma-2 subgroups, respectively,
which establish latent infections in B lymphocytes. In the case
of EBYV, persistence is established in memory B cells after
infection of naive B cells (1, 2, 27). Proliferation and associated
expansion of latently infected cells culminates with the gener-
ation of a persistently infected memory B-cell pool (2). In
contrast to EBV, comparatively little is known about the nat-
ural sequence of events during KSHV infection or the pheno-
type of B cells during long-term latent infection.

In order to elucidate the molecular mechanisms governing
the establishment of latent infection in B cells by gamma-2-
herpesviruses, we have used a gammaherpesvirus, designated
murine herpesvirus 68 (MHV-68), since its pathogenesis can
be readily investigated in the laboratory mouse (12, 33a, 36).
Intranasal inoculation of mice with MHV-68 results in an acute
self-limiting infection of lung epithelial cells, which is followed
by a persistent, latent infection of lungs (41) and lymphoid
organs (42). Within the spleen, the levels of latent virus are
maximal around 14 days postinfection (p.i.), decline quickly
thereafter, and remain stable for life (8, 42). Spread of infec-
tion to the spleen generates an antigen-nonspecific, T-cell-
dependent B-cell activation (32, 38) and an infectious mono-
nucleosis-like disease similar to that observed in adolescent
EBYV infection (13, 43).

Previous studies have shown that MHV-68 infection of the
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spleen results in the establishment of latency in B lymphocytes,
macrophages, and dendritic cells (14, 42, 56). Within B cells
latency is preferentially associated with germinal-center (GC)
cells (14), and this finding is in agreement with previous re-
ports showing abundant virus-encoded tRNA-like (vtRNA)
transcripts in GCs (6, 34). The pivotal role that B cells play in
latency is confirmed by the inability after intranasal inoculation
to establish splenic latency in mice deficient in B cells (uWMT)
(46, 55) and their requirement for spreading of infection from
the lung to the spleen (41). The combined observation of GC
infection (14, 34), non-antigen-specific B-cell activation (38),
and CD4-dependent increase in viral load after infection of
mice with MHV-68 (32) may reflect an exploitation of the
normal GC reaction by the virus.

Thus, the identification of viral genes expressed during the
establishment of infection in GC B cells is central for an un-
derstanding of MHV-68 pathogenesis. During the establish-
ment of latent infection in the spleen a restricted number of
transcribed viral genes have been identified. These include M2,
M3, K3, M8, and M9 (20, 30, 34, 44, 52). Of these putative
latency-associated genes, only K3 and M2 have been formally
shown to be necessary for the establishment of a normal latent
load (21, 39). K3 downregulates major histocompatibility com-
plex I surface expression via a proteosome-dependent mecha-
nism (4, 18). No function has as yet been attributed to M2.
With the exception of K3 (39), whether M2, M3, or any of the
other putative latency-associated genes are expressed in GC B
cells or in any of the other proposed latent sites, i.e., macro-
phages and dendritic cells, is still unknown.

In the present study, we have determined the frequency of
infection in several cell types in the spleen, including total B
cells, follicular (Fo) B cells, GC B cells, marginal-zone (MZ) B
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TABLE 1. Probe and primer genome coordinates

CELLS 7309

Oligonucleotide coordinates (range)

Gene”

Upper primer FL probe” LC probe Lower primer
M1 2596-2613 2657-2678 2629-2655 2902-2888
M2 4212-4232 4518-4541 4544-4568 5840-5820
M3 6167-6183 6336-6360 6308-6334 6642-6625
M4 8745-8761 8811-8835 8784-8808 8942-8920
ORF4 10333-10348 10566-10591 10593-10615 10616-10632
ORF6 11246-11263 11334-11360 11363-11386 11397-11417
K3 24832-24850 24973-24998 25000-25026 25049-25071
ORF50 68514-68531 68836-68860 68862-68886 68956-68976
M7 69754-69776 70087-70116 70118-70150 70220-70240
MS§° 76065-76083 76139-76164 76166-76189 76241-76261
MY 94055-94071 94105-94126 94081-94103 94250-94271
ORF72 102626-102641 102818-102840 102790-102815 103049-103065
MI1 103418-103429 103833-103858 103861-103886 103908-103929
ORF73 104026-104045 104256-104229 104228-104254 104425-104444
ORF74 105360-105379 105418-105442 105392-105417 105933-105956
Hprt® 15263734-15263752 15264732-15264756 15264758-15264782 15264802-15264820

“ According to GenBank accession no. U97553.
® Oligonucleotide labeled at the 3’ end with Fluorescin (Roche).

¢ Oligonucleotide labeled at the 5" end with LC-Red fluorophore and modified at the 3" end by phosphorylation (Roche).

4 Spanning the intron from coordinates 4610 to 5814 (20).

¢ According to Mackett et al. (25), M8 forms a 5" exon in a spliced transcript with ORF57 to generate an immediate-early transcript homologue to the EBV-M

transactivator.

/M9 has been reclassified as ORF65 by its homology with its counterpart in HVS.

& According to GenBank accession no. NW042621, spanning the 15263777 to 15263948 and 15264025 to 15264691 introns.

cells, newly formed (NF) B cells, macrophages, and dendritic
cells, during the establishment of latency after intranasal chal-
lenge with MHV-68. For each cell type, cell-specific patterns of
virus transcription were quantified at 14 days p.i. The virus
open reading frames (ORFs) analyzed included unique genes
and cellular homologues that are predicted to be involved in
activities, such as immune evasion and latency.

MATERIALS AND METHODS

Cell lines, virus stocks, and infections. NSO and NIH 3T3 cell cultures were
grown in Dulbecco modified Eagle medium containing 10% fetal calf serum
(FCS). S11 cells (45) were cultured in RPMI medium plus 10% FCS. Baby
hamster kidney cells (BHK-21) were cultured in Glasgow modified Eagle me-
dium supplemented with 10% FCS and 10% tryptose phosphate. Virus working
stocks were prepared by a low multiplicity of infection (MOI; 0.001 PFU/cell) of
BHK-21 cells (33). Female BALB/c mice (Gulbenkian Institute of Science,
Oeciras, Portugal), 6 to 8 weeks of age, were inoculated intranasally under the
effect of light halothane anesthesia with 10* PFU of virus in 20 ul of phosphate-
buffered saline (PBS). At different time points after infection, mice were killed
by inhalation of CO,. Lungs or spleens were removed and kept at —80°C or
immersed in PBS-2% FCS at 4°C for subsequent use, respectively.

Virus assays. Infectious virus was plaque assayed on BHK-21 cells, and latent
virus was assayed by explant coculture of fluorescence-activated cell-sorted
(FACS) splenocytes with BHK-21 cells, incubated for 5 days, fixed with 10%
formal saline, and counterstained with toluidine blue, and plaques were counted
with a plate microscope (33). FACS-purified populations of splenocytes were
also freeze-thawed and sonicated prior to plaque assay in order to determine the
level of preformed infectious virus.

Purification of different splenocyte populations. Single-cell suspensions of at
least five pooled spleens were prepared per time point and passed trough a
100-pm (pore-size) filter to remove stromal debris. Cell suspensions were
washed in PBS-2% FCS and red blood cells lysed in 154 mM ammonium
chloride, 14 mM sodium hydrogen carbonate, and 1 mM EDTA (pH 7.3). For
surface staining, single-cell suspensions were preincubated with 2.4G2 [anti-
CD16/CD32 (FcyIII/IT receptor), rat immunoglobulin G2b(k) culture superna-
tant; Pharmingen] before staining with the following monoclonal antibodies
(Pharmingen) and lectins (Vector Laboratories): anti-CD19, anti-CD11b, anti-
CDllc, anti-CD21, anti-CD23, anti-B220 (CD45R), and peanut agglutinin
(PNA). Using a MoFlo cytometer (Cytomation, Fort Collins, Colo.), the follow-

ing enriched cell subpopulations were obtained: CD19™ for total B cells, B220™
CD21™ CD23M for Fo cells, B220™ CD21~ CD23~ for NF B cells, B220™
CD21M CD23* for MZ B cells, B220™ PNAM for GC cells B cells, B220~
CD11b* CDl1lc™ for macrophages, and B220~ CD1lc* for dendritic cells.
Sorted populations were analyzed in a FACScan flow cytometer, and the data
were processed by using CellQuest software (Becton Dickinson Immunocytom-
etry Systems, San Jose, Calif.). The purities of sorted populations were usually
>95% and always >90%.

Real-time PCR. Real-time PCR was performed by using a LightCycler from
Roche Molecular Biochemicals (Mannheim, Germany) according to the manu-
facturer’s instructions by using sequence-specific fluorescence detection oligo-
nucleotide hybridization probes coupled to suitable fluorophores (see Table 1 for
probe genome coordinates). Labeled probes were designed and supplied by TIB
Biomol. PCR primers specific for several MHV-68 ORFs were used (see Table
1 for primer genome coordinates), and amplification was as follows: a melting
step of 95°C for 10 min was followed by 45 cycles of 95°C for 10 s, 50 to 60°C
(depending on the primer set utilized) for 10 s, and 72°C for 20 s, followed by a
melting analysis step from 50 to 95°C at 0.1°C/s. In this system one oligonucle-
otide is directly coupled at the 3’ end with Fluorescin and is excited by an
external light source provided by the LightCycler. It then passes on part of its
excitation energy to the adjacent LC Red-640, which is directly conjugated to the
5" end of another oligonucleotide. The excited LC Red-640 then emits measur-
able light. Because interaction of the two dyes can only occur when both oligo-
nucleotides are hybridized to their target on a head-to-tail arrangement at a
distance of one to five nucleotides, this system is highly specific.

For every PCR performed in our study, homologous standard curves were
determined and were always within the concentration range of the target sample.
Of importance, the target sample had kinetics of amplification identical to those
of the standard amplification reactions, i.e., the slope of the target sample at each
cross point, over a large range, was the same as for the standard samples.
Different primer sets had, however, slightly different amplification kinetics, but
they were all capable of detecting one copy of plasmid template and reproducibly
detected 10 copies.

Limiting-dilution analysis. FACS-purified single-cell suspensions were serially
diluted 1.5-, 2-, or 3-fold, and 8 to 12 replicates of each cell dilution were lysed
overnight (0.45% Tween 20, 0.45% NP-40, 2 mM MgCl,, 50 mM KCl, 10 mM
Tris [pH 8.3], 0.5 mg of proteinase K/ml) at 37°C. Proteinase K was then
inactivated (5 min at 95°C), and the samples were analyzed by real-time PCR (as
described above), with primer-probe sets specific for K3 in a final volume of 10
wl per PCR (2 mM MgCl,, 4 ng of each primer/pl, a 0.02 mM concentration of
each internal probe, a 1X DNA mix [Roche], and 1 ul of cell lysate). Although
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different primer sets used in the present study had slightly different amplification
kinetics, they all amplified viral genomes with equivalent sensitivity, i.e., S11 cells
(harboring ca. 40 viral genomes per cell) were detected at a frequency of 1:1 X
10° in an uninfected control population. Therefore, any primer-probe combina-
tion could have been used for the detection of viral genomic DNA. The K3
genomic region was chosen because its primer set had rapid amplification kinet-
ics. Our data were compatible with the single-hit Poisson model (SHPM) as
tested by modeling the limiting dilution data according to a generalized linear
log-log model fitting the SHPM and checking this model by an appropriate slope
test as described by Bonnefoix et al. (5). A regression plot of input cell number
against log fraction-negative samples was used to estimate the frequency of cells
with viral genomes. Estimation of the cell subset frequency of MHV-68 infection
consisted of computation by maximal-likelihood estimation as follows: let f be
the estimate of the cell frequency; the maximum likelihood of f is the value of f
that maximizes

k

log(L) = E [log(ﬁ) + rilog(Pi) + (ni — ri) log(1 — Pi)]

i=1

where log(L) is the natural logarithm of the likelihood function L and Pi is given
by Pi = exp(—f xi) according to the SHPM. The variance of f was calculated as
the negative reciprocal of the second derivative of log(L), var(f) = —1/[d?
log(L)/df?]. The 95% confidence interval (CI) for f was calculated as 95% CI (f)
= f * 1.96SE (f). Abbreviations are as follows: k = the number of groups of
replicate PCRs, numbered i = 1, 2, . .. k; ni = the number of replicate reactions;
ri = the number of observed negative PCRs; and mi = the observed fraction of
negatives (mi = ri/ni).

Reverse transcription-PCR (RT-PCR) analysis of virus transcription. RNA
was isolated from 10° to 3 X 10° splenocytes purified by sorting from pools of five
spleens and NIH 3T3 cells by using the RNeasy Minikit with the RNase-free
DNase set protocol (Qiagen) according to the manufacturer’s instructions. RNA
was also extracted from lung tissue by using Trizol as specified by the manufac-
turer (Gibco-BRL). For cDNA synthesis, 2 pg of RNA was incubated at 70°C for
10 min with 500 pg of pd(T),,.;5-5'PO, sodium salt in a total volume of 23 pl.
Samples were then reverse transcribed in a total reaction volume of 40 ul
containing 0.5 mM concentrations of each of deoxynucleoside triphosphate, 1X
first-strand buffer (Gibco-BRL), 1 U of RNase OUT RNase inhibitor (Gibco-
BRL), and 400 U of Superscript II reverse transcriptase (Gibco-BRL). Reactions
were performed for 50 min at 37°C, followed by 5 min at 90°C. Viral cDNAs were
quantified by using real-time PCR, as described above. For every PCR, only
cDNA samples corresponding to a minimum of 10, 000 copies of the housekeep-
ing gene Hprt were utilized. Primer and probe genome coordinates are listed in
Table 1. Tenfold serial dilutions of plasmid template spiked into total splenic
cDNA equivalent to a minimum of 10,000 copies of Hprt were used to establish,
for each gene, a linear relationship between the input template copy number, and
the cycle number at which an arbitrary fluorescence threshold was crossed. This
gave the relative quantity of each viral transcript in each sample. The signal in
RT-negative controls, indicative of residual viral DNA, was subtracted from the
total to give a cDNA-specific signal. In the present study, only RT-PCRs yielding
10 or more copies of viral transcript per RT-PCR were considered.

RESULTS

MHYV-68 persistence in GC and NF B cells. The frequency of
virus genome-positive cells in different splenocyte populations
during the establishment and maintenance of latent infection
was determined by limiting dilution analyses and real-time
PCR (Fig. 1 and 2 and Table 2). During the establishment of
latency at 14 days p.i., virus DNA was detected in all popula-
tions of cells analyzed. For all cell populations, levels of virus
genome positive cells were maximal at 14 days p.i., with MZ B
cells and GC B cells harboring the highest frequency of infec-
tion. In MZ B cells and GC B cells, the estimated frequency of
virus genome-positive cells (1 infected cell per 63 cells and 1
infected cell per 89 cells, respectively) was at least 2 to 3 orders
of magnitude higher than in Fo B cells, dendritic cells, and
macrophages. This result showed that B cells constitute the
principal target for virus infection during the establishment of
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latency. Furthermore, within B cells, GC B cells accounted for
the majority of infected B cells in the spleen.

After 14 days p.i. the frequency of virus genome-positive
cells decreased sharply in all cell populations analyzed. In GC
B cells the frequency of infection fell to 1 infected cell per 880
cells at 21 days p.i. to reach stable but low levels at late times
after infection, i.e., on average 1 infected cell per 26,000 cells
at 122 and 235 days p.i. In NF B cells stable levels of virus
persistence were also reached but at a higher frequency than
GC B cells of 1 infected cell per 11,000 cells. In contrast, to GC
and NF B cells, no virus DNA could be detected in dendritic
cells beyond 14 days p.i. and in Fo B cells, MZ B cells, total B
cells, and macrophages beyond 21 days p.i.

Absence of productive infection during the establishment of
infection in spleen. In order to determine the nature of the
infection within different splenic cell populations, plaque as-
says and infectious center assays were performed to detect the
presence of preformed infectious virus or latent virus, respec-
tively (Table 3). The time point chosen was 14 days p.i., which
corresponded to the time after infection when the frequencies
of infection were at maximal levels. None of the populations
analyzed, contained detectable preformed infectious virus. In
contrast, the presence of latent virus could be readily shown in
all populations. Total B cells and macrophages harbored the
highest levels of reactivation-competent latent virus. By com-
paring the frequencies of viral DNA-positive cells with levels of
infectious centers, it was possible to estimate the efficiency of
reactivation within a cell population. By performing this anal-
ysis it was immediately apparent that the efficiency of virus
reactivation within macrophages and dendritic cells was 2 to 3
orders of magnitude higher compared to total B cells and GC
B cells, respectively. When the same analysis was performed
between total B cells and GC B cells, it became apparent that,
although GC B cells accounted for majority of the total num-
ber of infected B cells, they contributed <5% of infectious
centers observed for total B cells.

Analysis of virus transcription during lytic infection. The
virus ORFs analyzed are listed in Table 1 and include unique
genes and cellular homologues that are predicted to encode
particular biological functions, e.g., immune evasion, latency,
and disease. To control for patterns of lytic transcription, we
have included in our analysis ORF50, an immediate-early gene,
which has been shown to play a central role both in initiation
of lytic replication and reactivation from latency (25, 57, 58),
and ORF6 and M7, which encode for an early single-stranded
DNA-binding protein (51) and a late structural glycoprotein
(40), respectively. The relative quantity of each viral transcript
was normalized to the housekeeping gene Hprt.

Virus transcription was first analyzed in RNA extracted from
NIH 3T3 cells infected with MHV-68 at an MOI of 5 PFU/cell
and harvested at 4, 8, and 12 h p.. (Fig. 3). All ORFs tested
were transcribed during lytic replication in NIH 3T3 cells. The
most abundant transcripts were those corresponding to M3,
M9, and ORF6. Consistent with being immediate-early genes,
transcripts to ORF50, M8/57, and ORF73 were readily detect-
able at 4 h p.i. Likewise, M7 transcripts could only be detected
from 8 h p.i. in agreement with the known late kinetics of this
gene (30).

We next analyzed virus transcription during lytic infection in
lungs after intranasal infection. To this end, RNA was ex-
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FIG. 1. Splenocyte populations analyzed in this study. After intranasal infection of BALB/c mice with 10,000 PFU. MHV-68, single-cell
suspensions from pools of at least five spleens were stained with the following combination of conjugated antibodies and lectins: anti-CD19 (A);
anti-B220 and PNA (B); anti-B220, -CD21, and -CD23 (C); and anti-B220, -CD11b, and -CD11c (D). Cells were then purified by using a MoFlo
cytometer to obtain the following enriched cell subpopulations: CD19" for total B cells, B220" CD21~ CD23"~ for NF B cells, B220" CD21™
CD23" for Fo B cells, B220" CD21™ CD23" for MZ B cells, B220" PNA" for GC B cells, B220~ CD11b" CD11c¢™ for macrophages, and B220~
CD11c" for dendritic cells. The purity of sorted populations was analyzed by FACS and was always >90% and usually >95%.

tracted from lung tissue from three indivual mice at 4 days p.i.
As for infection in NIH 3T3 cells, all virus ORFs analyzed were
transcribed during lytic infection in lung tissue, with M3, M9,
and ORF6 transcripts being the most abundant.

MHYV-68 transcription during the establishment of latent
infection is cell type dependent. In order to determine cell
type-specific patterns of virus transcription in vivo during the
establishment of latency in the spleen at 14 days p.i., two
independent animal infections were established, and RNA was
extracted from FACS-purified populations of different spleno-
cyte populations from pools of five spleens. For each RNA
sample, two independent cDNAs were derived, and virus tran-
scripts were quantified by real-time PCR. Given that distinct
splenocyte populations presented different frequencies of in-
fection, data were expressed as the number of transcripts per
one copy of Hprt per infected cell (Fig. 4).

Virus transcription was first quantified in macrophages and
dendritic cells. With the exception of M2, M7, ORF4, ORF73,
and ORF74 in macrophages and ORF4 in dendritic cells, all of
the ORFs analyzed were transcribed in these two cell types.
The fact that transcripts corresponding to ORF6, ORF50, and
M7, the latter only in dendritic cells, were detected was con-
sistent with a pattern of lytic transcription although, overall,

the levels of transcripts were very low. However, in macro-
phages no transcripts to the immediate-early gene ORF73
could be detected, which would argue against a pattern of lytic
infection.

In contrast to macrophages and dendritic cells, in all of the
different B-cell subpopulalions analyzed no transcripts corre-
sponding to the lytic cycle genes ORF50 and M7 could be
detected (Fig. 4). This result is consistent with an overall tran-
scription pattern of latent infection. The exception was ORF6,
which is predicted to be a dedicated lytic cycle gene and was
transcribed in NF, MZ, and GC B cells. Significantly, ORF73
specific transcripts were detected exclusively in GC and MZ B
cells. It is also worthwhile noting that from all of the ORFs
considered in the present study, transcripts corresponding to
ORF4 were not detected in any of the populations analyzed.

One issue that arises from the RT-PCR analysis is whether
the data obtained for Fo, NF, and MZ B cells are representa-
tive of each subset or are a consequence of a degree of con-
tamination between these populations. This is particularly rel-
evant in the case of Fo B cells in which at 14 days p.i. the
frequency of infection was 2 orders of magnitude lower than in
MZ B cells. Thus, the purities of each sorted population and
respective contaminant fractions were determined by FACS
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TABLE 2. Frequency of MHV-68 infection in splenocyte populations®

Reciprocal frequency” of viral

No. of viral DNA-

. Time (days) 0 . 0 e
Cell subpopulation i, DNA-positive cells (95% CI) % Purity® % Cells? Tot no. of cells positive cells’
Total B cells 14 311 (117-1237) 99 53.2 1.1 x 108 353,370
21 14,663 (8,598-49767) 98 50.1 1.0 x 108 6,820
153 >741,979 99 51.6 1.0 x 108 <135
GC B cells 14 89 (57-208) 96 5.5 1.1 x 107 123,596
21 880 (563-2,015) 98 4.5 9.0 X 10° 10,227
80 4,054 (2,535-10,117) 97 2.5 5.0 X 10° 1,233
122 28,495 (18,241-65,083) 97 2.4 4.8 X 10° 168
235 24,551 (15,790-55,163) 98 2.0 4.0 X 10° 163
Fo B cells 14 9,198 (5,593-25,854) 99 26.5 5.2 x 107 5653
21 104,144 (67,169-231,685) 99 27.0 5.4 %107 519
112 >3,977,009 99 25.0 5.0 X 107 <12
NF B cells 14 783 (465-2,475) 96 5.0 1.0 x 107 12,771
21 11,020 (6,741-30,176) 95 6.0 1.2 x 107 1,089
112 11,000 (6,839-28,097) 98 5.5 1.2 x 107 1,090
MZ B cells 14 63 (40-140) 91 1.5 3.0 X 10° 47,619
21 2,421 (1,507-6,154) 93 1.0 2.0 X 10° 826
112 >411,874 92 1.1 2.2 X 10° <5
Dendritic cells 14 4,054 (2,535-10,118) 91 0.8 1.6 X 10° 395
21 >119,072 98 0.6 1.2 x 10° <10
70 >671,792 92 0.7 1.4 X 10° <2
Macrophages 14 9,947 (6,276-23,960) 95 7.0 1.4 x 107 1,407
21 10,037 (6,203-26,276) 99 6.1 1.2 x 107 1,196
70 >1,117,137 97 6.6 1.3 x 107 <12
147 >1,117,137 98 6.5 1.3 x 107 <12

“ Data were obtained from pools of at least five spleens.

® Frequencies of infection were calculated by limiting-dilution analysis with the 95% CI as shown.

¢ That is, the purity of sorted cells as determined by FACS analysis.

4 That is, the percentage of each population of total spleen was determined by FACS analysis.
¢ The total numbers of cells were estimated from the percentage of the total spleen, based on an estimate of 2 X 10® cells/spleen.
/The number of latently infected cells was based on the frequency of latency within each cell type and the estimated total number of cells.

analysis (refer to Fig. 4 legend). In the case of Fo B cells, the
purity was 99.3% with the contamination fractions of 0.08%
MZ cells and 0.13% NF cells. Taking into account the frequen-
cies of infection within each population, we estimated that
there is a contamination of ca. 1 infected MZ or NF cell per 10
or 100 infected Fo cells, respectively. Comparison of the tran-
scription profiles between these B-cell populations shows, how-
ever, that this level of contamination is not detectable by the
RT-PCR methodology used. Whereas transcripts corresponding
to ORF73 and M11 in MZ cells and M11 in NF cells were readily
detectable, they were below the limit of detection in Fo cells.

We have also determined that ca. 50% of the B220" PNA™
population fell within the gates defining the Fo B-cell popula-
tion (B220* CD21™ CD23™; data not shown). However, tran-
scription for ORF73 could be readily detected in GC B cells
whereas no ORF73 transcripts could be detected in Fo B cells.
Thus, the pattern of transcription observed for GC B cells
could not be attributed only to cells of Fo phenotype. More-
over, the GC transcription pattern observed either occurs in a
subset of GC cells that does not overlap with the follicular
population as defined by our gates, or else the overlap between
the two is insufficient for ORF73 transcripts to be detectable.

FIG. 2. Graphical representation of limiting-dilution data estimating the frequency of MHV-68 genome-positive cells in different splenocyte
populations. Real-time PCR was performed on limiting dilutions of purified splenocytes and frequencies of infection were determined by
limiting-dilution analysis. (A to C) Total B cells at 14, 21, and 153 days p.i., respectively; (D to H) GC B cells at 14, 21, 80, 122, and 253 days p.i.,
respectively; (I to K) Fo B cells at 14, 21, and 112 days p.i., respectively; (L to N) NF B cells at 14, 21, and 112 days p.i., respectively; (O to Q)
MZ B cells at 14, 21, and 112 days p.i., respectively; (R to T) dendritic cells at 14, 21, and 70 days p.i., respectively; (U to X) macrophages at 14,
21, 70, and 147 days p.i., respectively. Data are plotted as the log of the fraction of negative PCRs as a function of cells per reaction (O). The
prediction equation of the regression line (plain line) is —log(ji) = fxi, where f'is the cell frequency estimated by the maximum-likelihood method
according to the SHPM hypothesis. Upper and lower dotted lines are plotted by using upper and lower values of the 95% CI of f. When all PCRs
were negative to extrapolate the maximum value of the cell frequency f in the assay, the log of (ni — 1/ni, where ni is the number of replicate
reactions) is plotted as a function of the maximum number of cells analyzed (cross) and the prediction inequation is —log(pi) > fxi (shaded area).
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TABLE 3. Quantification of reactivation-competent virus and
preformed infectious virus in splenic populations from pools of five
spleens at 14 days p.i.

Virus (PFU) as

determined by: Reactivation

Cell type efficiency®
PA? ICA?
Total spleen cells <44 5,000 ND“
Total B cells <100 3,300 0.0093
GC B cells <13 110 0.0009
Dendritic cells <5 80 0.2025
Macrophages <14 980 0.6965

“PA, plaque assay. Preformed infectious virus was not detected, and the
values indicate the limit of detection, taking into account the maximal number of
cells used in the assay and based on a estimate of 2 X 10° cells/spleen and on the
percentage of each population of total spleen as determined by FACS analysis.

® The infectious center assay (ICA) gives the number of infectious centers per
total spleen based on a estimate of 2 X 10® cells/spleen and on the percentage of
each population of total spleen as determined by FACS analysis.

¢ The reactivation efficiency was estimated from the ratio of the number of
infectious centers to the number of viral DNA™ cells.

4 ND, not done.

DISCUSSION

In the present study we have analyzed the cellular sites of
latent infection in different splenocyte subpopulations and re-
spective cell-specific patterns of virus transcription after intra-
nasal infection of BALB/c mice with MHV-68. Although the
virus established infection in B cells, dendritic cells, and mac-
rophages, by late after infection we observed latency in GC and
NF B cells only. The frequencies of virus genome-positive cells
were maximal at 14 days p.i. in all splenic populations ana-
lyzed, a time at which no preformed infectious virus could be
detected. In contrast, reactivation-competent latent virus could
be readily demonstrated, indicating that, overall, the majority
of infected cells within each cell population analyzed were
latently infected. MZ and GC B cells harbored the highest
frequency of virus genome-positive cells, and the latter popu-
lation accounted for approximately half of the total number of
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infected B cells in the spleen. This result is consistent with the
fact that we had earlier shown an extensive amplification of
latently infected cells within GCs during the establishment of
latency in the spleen (6, 34). Thus, our results confirm those of
Flano et al. (14), who demonstrated that, during the establish-
ment of latency, infection in the spleen is associated with GC
B cells, dendritic cells, and macrophages. In contrast to our
results, however, Flano et al. (14) reported that dendritic cells
harbored the highest frequency of latent virus. This apparent
discrepancy may be explained by the fact that these authors
measured the levels of reactivation-competent latent virus,
whereas in the present study we determined the frequencies of
virus genome-positive cells. Recently, Flano et al. (15) re-
ported that during the establishment of latency, one in eight
GC B cells harbored MHV-68 DNA. This frequency, although
10-fold higher than that one reported in the present study, is
consistent with GC B cells being the main target of viral in-
fection during the establishment phase of viral latency.

By comparing the frequencies of virus genome-positive cells
with the levels of reactivation-competent latent virus, we have
shown that macrophages and dendritic cells reactivate virus
with an efficiency 2 to 3 orders of magnitude higher than B
cells, namely, GC B cells. Thus, these data indicate that the
efficiency of virus reactivation from latency is cell type depen-
dent in a conventional explant coculture assay. It is important
to note that at 14 days p.i. ORF50 transcription was detected in
macrophages and dendritic cells but not in any of the B-cell
subsets analyzed. Given the role played by this gene product in
the induction of lytic cycle replication (25, 57, 58), it is reason-
able to suggest that the higher reactivation efficiency observed
in macrophages and dendritic cells could be attributed to ex-
pression of ORF50. On the other hand, expression of ORF50
was not sufficient to induce levels of productive replication
detectable by our virus plaque assay. Indeed, in addition to
ORF50, active transcription of ORF6 in macrophages and
ORF6 and M7 in dendritic cells (which encode for an early
single-stranded DNA-binding protein and a late structural gly-
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FIG. 3. MHV-68 Iytic cycle transcription. RNA extracted from NIH 3T3 cells infected with MHV-68 at an MOI of 5 PFU per cell and harvested
at 4, 8, and 12 h p.i. (A) and from lungs obtained from three individual mice at 14 days p.i. (B) was reverse transcribed and analyzed by real-time
PCR. The data are presented as the number of viral transcripts normalized for one copy of the housekeeping gene Hprt. For panel B, the geometric
mean is presented, and the error bars represent the standard deviation of the mean.
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FIG. 4. MHV-68 transcription during the establishment of latency is cell type specific. RNA extracted from FACS-purified macrophages with
a purity of 97.7% and no contamination from dendritic cells (A), dendritic cells with a purity of 96.4% and a contamination fraction of 0.13% of
macrophages (B), Fo B cells with a purity of 99.3% and a contamination fraction of 0.08% MZ B cells and 0.13% NF B cells (C), GC B cells with
a purity of 98.5% and contamination fraction of 1.25% B220~ cells (D), NF B cells with a purity of 95.7% and a contamination fraction of 0.06%
MZ B cells and 0.79% NF B cells (E), and MZ B cells with a purity of 93.3% and a contamination fraction of 1.89% Fo B cells and 0.23% NF
(F) was subjected to RT and quantified by real-time PCR. Four cDNAs were analyzed for each cell population, corresponding to RNA extractions
from two independent pools of five spleens obtained from two separate animal infections that were subjected to two independent cDNA syntheses.
Data are presented as the geometric mean of the number of viral transcripts per infected cell normalized for one copy of the housekeeping gene
Hprt. The number of transcripts per infected cell was determined, taking into account the frequency of infected cells in each cell population. The

error bars represent the standard deviation of the mean.
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coprotein, respectively) was consistent with an overall pattern
of productive lytic replication. Thus, the different patterns of
lytic transcription may reflect immune-mediated elimination of
infected cells. The presence of ORF6 but the absence of M7
transcripts is consistent with the early elimination of macro-
phages. Dendritic cells would be more resistant to immune
clearance, hence, the presence of M7 transcripts. Importantly,
all lytically infected cells would be eliminated, hence, the ab-
sence of detectable preformed infectious virus. Alternatively,
the absence of infectious virus may indicate that only a minor-
ity of cells within these populations is undergoing productive
infection, which is beyond the limit of detection of our plaque
assay. The pattern of virus transcription is, however, complex
since in a context of lytic cycle, transcripts for ORF73, an
immediate-early gene, were not detected in macrophages and
ORF4 transcripts were not detected in either macrophages or
dendritic cells.

In contrast to dendritic cells and macrophages, virus tran-
scription in B cells was characterized by the absence of detect-
able transcripts to ORF50 and M7, indicating that, on average,
the majority of the infected cells in the Fo, NF, MZ, and GC
B-cell subsets were latently infected. This interpretation does
not exclude the possibility that a small proportion of B cells are
undergoing lytic infection.

Analyses of total RNA (20, 30, 39, 44, 52) and in situ hy-
bridization studies (34) in spleens of mice infected with
MHV-68 have demonstrated that, during the establishment of
latency in the spleen, a restricted number of viral ORFs, in-
cluding M2, M3, K3, M8, and M9, are transcribed. In the
present study we confirmed and extended these results by
quantifying virus transcription, at 14 days p.i. when the fre-
quencies of infection were higher, in macrophages, dendritic
cells, and several B-cell subsets, including Fo, NF, MZ, and GC
cells.

Interestingly, the most abundant transcripts in macrophages
and dendritic cells were those corresponding to M3. Thus,
macrophages and dendritic cells are more likely to be a source
of M3 in vivo than GC B cells. M3 encodes a secreted protein
(49), which binds chemokines blocking chemokine signaling
(22,29, 47). The role of M3 in vivo during the establishment of
latency remains controversial (7, 48). However, in one study
recombinant viruses with disrupted M3 genes showed reduced
levels of latent virus in lymphoid tissue, a phenotype that can
could be partially reversed by CD8"-T-cell depletion (7).
Therefore, it is possible that lytic infection of macrophages and
dendritic cells may protect latent infection in B cells.

Virus transcription in B cells was clearly restricted to fewer
genes and, interestingly, depended upon the differentiation
stage of the B cell. ORF73 transcripts were detected in MZ and
GC B cells but not in Fo B cells or NF B cells. This finding is
consistent with the demonstration that the ORF73 gene prod-
uct in KSHYV (3, 11) and herpesvirus saimiri (HVS) (24, 35) has
functions essential for virus episome maintenance in dividing
cells. Therefore, we predict that ORF73 of MHV-68, like its
counterparts in KSHV and HVS, encodes functions necessary
for maintenance of virus infection in latently infected prolifer-
ating GC B cells. The significance of selective transcription of
ORF73 in MZ B cells is not obvious, since they do not appear
to be clonally expanded (9). In the case of M11, transcripts
were detected in NF and MZ B cells but not in Fo or CG B
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cells. The sequence of M1I shows low homology to cellular
bel-2 (51) but, like its cellular homologue, has been shown to
encode antiapoptotic functions (31, 53). Although our failure
to detect M11 transcripts in both Fo and GC B cells may simply
reflect the sensitivity limit of the technique we have used, M1
transcripts could be readily detected in both macrophages and
dendritic cells. Significantly, in vivo studies of mice infected
with a recombinant virus containing a disrupted M11 gene have
shown that this gene is dispensable for efficient acute replica-
tion and the establishment of latency but is required for effi-
cient ex vivo reactivation (17). Thus, our results confirm
previous studies reporting M1 transcription during the estab-
lishment of latency in spleen (31, 52) and extend these obser-
vations by assigning transcription to macrophages, dendritic
cells, and NF and MZ B cells.

Viral ORFs that were transcribed in all B-cell subsets ana-
lyzed include M1, M2, M3, M4, K3, M8, M9, and 72. Given that
B cells accounted for the overwhelming majority of the virus
genome-positive cells in spleen, it is predicted that these genes
will encode functions necessary for the efficient establishment
of latency. This has been shown for M2 (21), M3 (7), and K3
(39), although for M3 an independent study reported little if
any effect in latency establishment (48). On the other hand,
studies with M1-deficient recombinant viruses showed an en-
hanced reactivation phenotype from latency, perhaps suggest-
ing that this ORF functions to suppress virus reactivation (10).
Similar studies with ORF72 have shown that its gene product
is required for efficient reactivation from latency (19, 50). It is
possible that expression of ORF72 in B cells is critical for
reactivation of latent genomes, although at a less efficient rate
than those observed in macrophages and dendritic cells. The
functions that M4, M8, and M9 may have during the establish-
ment of latency are not immediately apparent, and their gene
products await further characterization. M8 has been shown to
form a 5’ exon in a spliced transcript with ORF57 to generate
an immediate early transcript homologue to the EBV-M trans-
activator (26) and M9 has been reclassified as ORF65 on the
basis of its similarity with its HVS counterpart (28). No func-
tion has as yet been attributed to M4.

Of all of the virus ORFs analyzed in the present study, ORF4
was the only ORF to which no transcripts could be detected in
any of the splenic populations analyzed, although transcription
could be readily detected in infection of NIH 3T3 cells or lung
tissue. This observation is consistent with a recent study show-
ing that ORF4 is dispensable for the establishment of normal
levels of latent infection in the spleen (23).

A key observation in the present study was that beyond day
21 p.i., virus genomes could only be detected in NF and GC B
cells, although, at very low frequencies. This result is consistent
with the observed detection of small foci of vtRNA-positive
cells within follicles as late as 90 days p.i. (34) and with the
recent demonstration that maintenance of latent infection is
preferentially associated with GC and memory B cells (15). It
is possible that long-term latency is established in activated GC
B cells. Alternatively, infection of GC B cells at late times p.i.
could represent sites of latent expansion that originated either
from reactivation of long-term latently infected resting mem-
ory B cells or from de novo infection of naive B cells that
initiate a GC reaction. The latter hypothesis is consistent with
the observation made in the present study that NF B cells are
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infected at late times p.i. NF B cells constitute a subset of naive
B cells that are recent emigrants from the bone marrow that
colonize lymphoid follicles in the spleen (9). A proportion of
these cells acquire the ability to recirculate and give rise to
mature naive recirculating Fo B cells. Thus, upon infection, NF
B cells could become activated to give rise to latently infected
GC B cells, which in turn would differentiate into latently
infected long-lived memory B cells. Of significance is the re-
cent demonstration by Flano et al. (15) of MHV-68 latent
infection in GC and resting memory B cells long after infec-
tion. De novo infection of NF B cells would, however, require
a source of productive lytic infection in the spleen. Both the
present study and others (14, 34, 54, 55) have failed to detect
productive lytic infection in the spleen at late times after in-
fection. However, it is possible that there is low-grade produc-
tive lytic infection in the spleen and that our inability to detect
it may simply reflect the limit of detection of the assays used.
In support of this is the continued presence throughout infec-
tion of activated CD4 " and CD8™ T cells specific for virus lytic
cycle proteins (16, 37). Alternatively, NF B cells could become
infected in the bone marrow, which has been shown to be a site
of long-term infection (8).

The data presented in the present study argues for a role of
NF and GC B cells during long-term maintenance of MHV-68
latent infection. The biological significance of the broader tro-
pism during the establishment of latent infection, including
infection of macrophages, dendritic cells, and MZ and Fo B
cells, is not immediately apparent. They could simply reflect
bystander infection or represent a strategy of immune modu-
lation employed by the virus. Thus, the identification in the
present study of the viral genes transcribed during the estab-
lishment of infection in these different cell types, combined
with future phenotypic characterization of recombinant viruses
with these genes disrupted, should contribute to an under-
standing of the role played by these different cell types during
the establishment of infection.

In conclusion, although gamma-2 herpesviruses do not have
the same set of latency associated genes as members of the
gamma-1 subgroup and therefore the precise mechanisms for
achieving latency in B cells may differ, the overall strategy of
targeting B cells for long-term maintenance of latent infection
appears to be common.
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