JOURNAL OF VIROLOGY, Oct. 2011, p. 10920-10925
0022-538X/11/$12.00  doi:10.1128/JV1.05027-11

Vol. 85, No. 20

Copyright © 2011, American Society for Microbiology. All Rights Reserved.

De Novo Infection of B Cells during Murine Gammaherpesvirus 68 Latency’

Michael L. Freeman,' Claire E. Burkum,' Eric J. Yager,2
David L. Woodland,! and Marcia A. Blackman'*

Trudeau Institute, 154 Algonquin Avenue, Saranac Lake, New York 12983, and Center for Immunology & Microbial Disease,
Albany Medical College, 47 New Scotland Avenue, Albany, New York 12208>

Received 5 May 2011/Accepted 8 August 2011

The mechanisms by which gammaherpesviruses maintain latency are unclear. Here we used a murine
gammaherpesvirus model to show that previously uninfected B cells in immunocompetent mice can acquire
virus during latency. I vivo depletion of T cells allowed viral reactivation, as measured by increased viral loads,
but not enhanced transfer of virus to new cells. In the absence of both immune T cells and antibody following
the transfer of latently infected cells into naive animals, there was robust infection of new B cells. These data
confirm that both T cells and antibody contribute to the control of gammaherpesvirus latency, reactivation, and

spread.

The hallmark of herpesvirus (HV) infections is the estab-
lishment of latency, a lifelong condition characterized by per-
sistent viral genome maintenance and restricted, low-level viral
gene expression. The ability to reactivate from latency, reenter
the lytic life cycle, and generate infectious virions is responsible
for many of the secondary pathological consequences of HV
infections, including autoimmunity, cancer, immunoprolifera-
tive disorders, recrudescent skin lesions, and transplant rejec-
tion (15, 19). An unresolved issue in the field of herpesvirology
is how latent infections are maintained in the host over time. In
the case of alphaherpesvirus («HV) latency, the viral genomes
reside in nonreplicating cells such as neurons, and so latency is
likely propagated by the mere survival of latently infected cells,
with periodic de novo infections following reactivation events.
BHV and yHYV infections are different, as they establish la-
tency in immune system cells, which, unlike neurons, not only
can proliferate but also can express high levels of major histo-
compatibility complex (MHC) class I and are targets for T cell
immunity. Since long-term latency persists even in the pres-
ence of functional virus-specific immunity, it is crucial to un-
derstand how viral latency is propagated in an immunocompe-
tent host in order to develop rational strategies to control YHV
infections.

Mechanisms for yHV latency persistence include viral im-
mune evasion strategies; proliferation of latently infected B
cells, in which latent viral episomes are replicated and trans-
ferred to the daughter cells; direct cell-to-cell transfer of in-
fectious virus to naive cells, in the absence of cell-free virus;
and asymptomatic shedding of lytic virus, leading to the infec-
tion of new B cells. There is evidence in the literature for each
of these mechanisms. For example, Epstein-Barr virus (EBV)
nuclear antigen-1 (EBNA-1) protein is associated with driving
the proliferation of infected B cells (8). Furthermore, it has
been shown that efficient EBV infection of epithelial cell lines
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requires cell-to-cell contact with virally infected cells in cocul-
tures (3, 10), a process that is refractory to inhibition by block-
ing antibodies (Abs), suggesting that cell-free virus is not re-
quired for infection (22). In one study, long-term valacyclovir
treatment did not affect the number of EBV DNA copies per
B cell but did reduce the frequency of latently infected B cells,
which is consistent with roles for both lytic viral replication and
infected B cell half-life in maintaining viral loads during la-
tency (9). There is also evidence for asymptomatic EBV shed-
ding (17), and asymptomatic shedding has been noted in
individuals infected with Kaposi’s sarcoma (KS)-associated
herpesvirus (KSHV) (2, 16). Ganciclovir treatment of KSHV-
seropositive HIV-infected patients versus placebo treatment
resulted in reduced occurrences of KS indicative of a require-
ment for lytic replication in the etiology of KS, since ganciclo-
vir does not inhibit latent virus (13). Additionally, in vitro
evidence suggests that latent KSHV genomes are inefficiently
maintained during tumorigenesis and that KSHV may conse-
quently require periodic lytic replication to perpetuate viral
latency (6). Thus, it is likely that gammaherpesvirus (YHV)
latency in infected humans is perpetuated by a combination of
infected cell proliferation and periodic de novo infections af-
ter reactivation. EBV and KSHYV infections are highly species
specific, however, making in vivo mechanistic studies of viral
latency very difficult. Therefore, we took advantage of a well-
characterized small-animal model—intranasal infection of
C57BL/6 mice with murine gammaherpesvirus-68 (YHV6S), a
rodent pathogen closely related to EBV and KSHV (25)—to
experimentally determine whether uninfected B cells could
acquire virus during latency and to elucidate the roles of hu-
moral and cellular immunity in the control of viral latency.
Spread of virus to naive B cells during latency in immune
mice. To generate a population of uninfected B cells that could
be tracked during latency, we intraperitoneally treated latently
infected mice with 0.6 mg of the chemotherapeutic bone mar-
row ablation agent busulfan (Busulfex; Otsuka America Phar-
maceuticals), followed by lymphocyte reconstitution with 2 X
107 bone marrow cells from naive congenic mice (Fig. 1A). By
selectively depleting cells of the bone marrow, busulfan treat-
ment allows the establishment of partial hematopoietic chime-
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FIG. 1. Partial mixed bone marrow chimera approach. (A) Experimental design. Host mice were B6.SJL-Pprc“Pepc’/Boy
(CD45.1"Thy1.2"), and donor mice were C57BL/6 (CD45.2"Thyl.2"). BM, bone marrow. i.n., intranasal; i.p., intraperitoneal; i.v.,
intravenous. (B and C) At 1 week after busulfan treatment, spleens were harvested, labeled with fluorochrome-conjugated anti-CD4,
anti-CDS8, and anti-CD19 antibodies, and subjected to enumeration by flow cytometry. (B) Total numbers of splenocytes (n = 4/group; **,
P < 0.01 [Student’s ¢ test]). (C) Percentages of each lymphocyte subset (n = 4/group; *, P < 0.05 [Student’s ¢ test]). (D) At 1 week after
busulfan treatment (without reconstitution), DNA was isolated from B cells sorted from splenocytes and analyzed by a real-time PCR assay
to determine copy numbers of the YHV68 ORF50 gene (n = 4/group). (E) At 5 weeks after bone marrow reconstitution, the donor and host
percentages of each lymphocyte subset were enumerated by flow cytometry. Numbers in the quadrants indicate the percentages of total
lymphocytes that are marker positive and host or donor derived. The mean percentages (* standard deviations [SD]) of each subset that
were donor derived were as follows: for CD19™" cells, 63.32 = 6.585; for CD4™" cells, 43.38 = 5.658; and for CD8™ cells, 33.06 = 5.331 (n =
5; data are representative of the results of at least 5 individual experiments). (F) Amounts of antiviral IgG antibody (£SD) were quantified
by ELISA for naive or YHV68-infected chimeras or nonchimeric mice 4 months p.i. (2 months posttransfer; n = 2 to 3/group). O.D., optical
density. (G) Host splenocytes were isolated and labeled with anti-CD8 and anti-CD44 antibodies and tetramers specific for the ORF6,4,/D"
(AGPHNDMEI) or ORF61s,,/K® (TSINFVKI) epitope. The mean percentages (=SD) of CD8* T cells specific for each tetramer are shown
(n = 3 to 4/group; data are representative of the results of at least 4 experiments).
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rism without irradiation while leaving peripheral immunity
largely intact; this approach has been used previously in studies
of mice undergoing persistent viral infections (11, 21, 24).

Busulfan treatment alone, without congenic bone marrow
reconstitution, resulted in a decrease in the total numbers of
splenocytes (Fig. 1B) and a decrease in the percentages of
splenic CD19" B cells but not of CD4* or CD8" T cells (Fig.
1C). Importantly, latent viral loads in B cells sorted from the
spleen were similar 1 week after busulfan or phosphate-buff-
ered saline (PBS) control treatment, as measured by real-time
PCR (Fig. 1D) (23), demonstrating that busulfan treatment did
not disrupt the viral loads of latently infected mice. This was
probably a result of the low frequency of infected B cells being
largely unaffected by the relatively slight decrease in B cell
numbers. After busulfan treatment and reconstitution with
congenic bone marrow, we observed considerable chimerism
by 5 weeks, with the largest proportion of donor-derived lym-
phoid cells in the CD19" B cell compartment, likely because
the donor-derived T cells required maturation in the thymus
before entrance into the periphery (Fig. 1E). Although the
results showing the extent of chimerism differed among indi-
vidual mice, most mice exhibited at least 50% chimerism in all
lymphocyte subsets by 8 weeks after reconstitution (data not
shown). Both antiviral antibody and T cell responses have been
shown to be important for controlling infection and preventing
viral recrudescence during YHV68 latency (1, 12), so to ensure
that the partial bone marrow chimeras maintained virus-spe-
cific immunity, we measured the amount of antiviral IgG an-
tibody by an enzyme-linked immunosorbent assay (ELISA)
(Fig. 1F) and the percentages of host CD8" T cells in the spleen
specific for two immunodominant epitopes (ORF6,5; 4o5/D"
and ORF615,, s5,/K®) by tetramer staining (Fig. 1G). Neither
humoral nor cellular antiviral immunity was impaired follow-
ing busulfan treatment and reconstitution.

The donor-derived B cells in the resulting partial bone mar-
row chimeras were initially uninfected, so any detectable virus
they acquired was a direct consequence of de novo infection.
Therefore, we sorted B cells from chimeras on host or donor
congenic markers (Fig. 2A) and measured viral genomic DNA
in host and donor cells after 4, 7, or 20 to 23 weeks of recon-
stitution. Although we failed to detect viral DNA in donor B
cells at 4 weeks, viral DNA was detectable in donor B cells in
2 out of 5 mice (40%) at 7 weeks and 6 out of 12 mice (50%)
at 20 to 23 weeks (Fig. 2B). These data conclusively demon-
strate that naive B cells can progressively acquire virus during
vyHV68 latency in immunocompetent mice.

Robust infection of donor-derived B cells following reacti-
vation. To investigate whether infection of naive B cells could
be enhanced in the absence of host cellular immunity, we first
established partial mixed bone marrow chimeras by the use of
host Thy1.2" mice and donor Thy1.1" mice and then depleted
host T cells by treating the chimeras intraperitoneally with 250
wg of anti-Thy1.2 monoclonal Ab (MAb) (30H12) every 3 days
for 12 days (Fig. 3A). This procedure substantially reduced
host T cell numbers (Fig. 3B) and resulted in an impact on viral
control, as evidenced by a robust increase in viral genome copy
numbers in donor-derived B cells (Fig. 3C), suggesting a crit-
ical role for T cells in maintaining yYHV68 latency. There was
a less dramatic effect of anti-Thy1.2 treatment on viral DNA in
the host B cells—although there was a trend toward increased
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FIG. 2. Virus is transferred to donor-derived B cells during YHV68
latency. (A) Representative dot plots showing the purity of sorted donor
and host populations after busulfan treatment and bone marrow recon-
stitution. Host mice were B6.SJL-Ptprc®Pepc®/Boy (CD45.1* Thyl.2%);
donor mice were C57BL/6 (CD45.2" Thy1.2"). (B) At the indicated times
after reconstitution, spleens were harvested, sorted into donor and host B
cell populations, and analyzed by real-time PCR to determine YHV68
ORF50 gene copy numbers (n = 3 to 12/group).

genome copies, the difference was not statistically significant
(P = 0.1259 [Student’s ¢ test]). This was most likely due to
complications stemming from the range of viral DNA numbers
in the host B cells coupled with our inability to measure DNA
changes within individual mice. Alternatively, it could have
been the result of host B cells providing the viral DNA that
accumulated in the donor B cells, of host B cells being less
sensitive to reactivation stimuli, as ex vivo reactivation effi-
ciency declines over time (26), or of host B cells being less
susceptible to de novo infection, since they would include mem-
ory B cells and plasma cells but the donor B cell population
would largely be composed of naive and germinal center B
cells (4, 20).

The increase in viral genome numbers in the donor-derived
B cells after anti-Thyl.2 treatment could have been due to
DNA replication within already-infected cells or to de novo
infection of naive B cells by virus reactivating from host cells or
to a combination of the two. We investigated whether the
increase in viral DNA numbers after anti-Thyl.2 MAb treat-
ment was due to the infection of new donor-derived B cells by
virus reactivating from host B cells by determining the fre-
quency of infected cells with a limiting-dilution assay—nested
PCR (LDA/PCR) (26). An increase in the frequency of in-
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FIG. 3. Infection of donor-derived B cells is enhanced following T cell depletion. (A) Experimental design. Host mice were B6.SJL-
Ptprc“Pepc’/Boy (CD45.1"Thy1.2"); donor mice were B6.PL-Thyl%/Cy (CD45.2"Thyl.1"). (B) Representative contour plots showing the
efficiency of Thy1.2 cell depletion following anti-Thyl.2 MAb (30H12) treatment. Splenocytes were harvested and labeled with anti-CD45.1
and anti-Thy1.2 (clone 53-2.1). (C) At 12 days after the start of anti-Thyl.2 MAb or PBS (control) treatment, spleens were harvested and
sorted into donor and host B cell populations (see Fig. 2A), and DNA was isolated and analyzed by real-time PCR for determination of
YHV68 ORF50 gene copy numbers (n = 9/group). (D) At 12 days after anti-Thy1.2 or PBS (control) treatment, spleens were harvested and sorted
into donor and host B cell populations, and a 40,000-cell aliquot was analyzed by real-time PCR for determination of yYHV68 ORF50 gene copy
numbers (top panel). The rest of the sorted cells were subjected to LDA/PCR analysis to determine the frequency of viral genome-positive cells
(bottom panel). The percentages (=SD) of wells that were PCR positive for each dilution are shown (n = 4/group). The dotted line in the bottom
panel indicates 63.2%, which was the value that was used to calculate the frequency of viral genome-positive cells by Poisson distribution.
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fected B cells would indicate that previously uninfected cells
had acquired viral DNA during the anti-Thyl.2 treatment pe-
riod. We observed a trend toward increased copy numbers in
both the host and donor B cells, but the frequency of infected
host B cells did not change following anti-Thyl.2 MAD treat-
ment, and the frequency of infected donor B cells remained
very low—below 1 in 4 X 10* cells, our limit of detection for
this particular assay (Fig. 3D). Because anti-Thyl.2 MAb-
treated mice remain antibody sufficient (Fig. 1F), these data
are consistent with previous findings reported from our labo-
ratory indicating that virus-specific antibody is important for
controlling viral recrudescence during latency (12). In addi-
tion, we failed to detect infectious virus in the spleens or lungs
of chimeric mice by a plaque assay performed after anti-Thy1.2
MAD treatment (data not shown). These data support the
hypothesis that the majority of reactivation observed in the
absence of T cells is due to robust viral genome replication
within already infected cells and not to widespread infection of
new B cells, though it is likely that some de novo infection does
occur during reactivation.

Latently infected B cells reactivate efficiently in the absence
of immunosurveillance. To confirm that latent virus efficiently
reactivates in the complete absence of immune protection, we
adoptively transferred graded numbers of purified B cells from
latently infected mice (30 and 60 days postinfection [p.i.]) into
naive congenic hosts (Fig. 4A). Reactivation, as indicated by an
increase in genome copy numbers in host splenic B cells 30
days after transfer, occurred upon transfer of as few as 4.5 X
10* cells from mice 30 days postinfection (Fig. 4B). The num-
bers of transferred cells required for infection of the host
corresponded to the frequency of latently infected cells present
at the two time points—~1 in 1.5 X 10 in the 30-day mice as
determined by LDA/PCR analysis of the pool of transferred
cells (a maximum of ~300 latently infected cells transferred;
data not shown) and ~1 in 5 X 10* in the 60-day mice (a
maximum of ~9 latently infected cells transferred; data not
shown). Importantly, the in vivo reactivation efficiencies of the
latently infected cells were comparable at 30 and 60 days p.i.,
in contrast to the reactivation efficiency seen in vitro, which has
been shown to drop dramatically after 30 days p.i. (26). Thus,
transferring latently infected B cells into naive recipient mice
(which lack specific antiviral immunity) allows virus reactiva-
tion in the donor B cells and leads to de novo infection of host
B cells, confirming clinical observations of virus-seronegative
patients becoming seropositive after organ transplant (7).
Stimulation of latently infected B cells by treatment with anti-
Ig/anti-CD40 antibodies or various Toll-like receptor ligands
has been demonstrated to induce yYHV68 reactivation from
latency (5, 14, 18), suggesting that inadvertent B cell stimula-
tion during the transfer process could facilitate virus reactiva-
tion. However, the kinetics of reactivation after transfer argued
against the likelihood that lytic virus or reactivating B cells
were transferred, as we were unable to detect lytic virus in the
spleens and lungs of recipient mice until 7 days after transfer
(Fig. 4C).

Taken together, our data show that yYHV6S8 latency is a
dynamic process in which humoral and cellular immunity con-
tribute to the control of viral reactivation and the prevention of
recrudescence. Over time, the virus can escape immune sur-
veillance, leading to the de novo infection of B cells. We pro-
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FIG. 4. Latently infected B cells reactivate efficiently in vivo in the
absence of immunosurveillance. (A) Experimental design. Donor mice
were C57BL/6 (CD45.2" Thy1.2"); recipient mice were B6.SJL-Piprc©-
Pepc®/Boy (CD45.1"Thy1.2"). (B) B cells from mice latently infected
for 30 days or 60 days were adoptively transferred i.v. into naive
congenic recipients. At 30 days after transfer, spleens from recipient
mice were harvested. DNA was isolated from sorted B cells and ana-
lyzed by real-time PCR for determination of viral genome copy num-
bers (n = 3 to 4/group). (C) At the indicated days after transfer with
4.5 X 107 latently infected B cells, spleens and lungs were harvested
and analyzed for determination of levels of lytic virus by a plaque assay
(n = 3/tissue/time point).

pose a model in which gammaherpesviruses persist not only by
viral transfer to new B cells during latency, either by cell-to-cell
contact or virus release, but also by enhanced intracellular viral
replication during periodic reactivation events, thereby in-
creasing the pool of transferrable virus.
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