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ABSTRACT

Gammaherpesviruses (GHVs) carry homologs of cellular genes, including those encoding a viral cyclin that promotes reactiva-
tion from latent infection. The viral cyclin has reduced sensitivity to host cyclin-dependent kinase inhibitors in vitro; however,
the in vivo significance of this is unclear. Here, we tested the genetic requirement for the viral cyclin in mice that lack the host
inhibitors p27**** and p18"™%“‘, two cyclin-dependent kinase inhibitors known to be important in regulating B cell proliferation
and differentiation. While the viral cyclin was essential for reactivation in wild-type mice, strikingly, it was dispensable for reac-
tivation in mice lacking p27°'"* and p18™**<, Further analysis revealed that genetic ablation of only p18™**‘ alleviated the re-
quirement for the viral cyclin for reactivation from latency. p18"™V** regulated reactivation in a dose-dependent manner so that
the viral cyclin was dispensable in p18"™<* heterozygous mice. Finally, treatment of wild-type cells with the cytokine BAFF, a
known attenuator of p18™*** function in B lymphocytes, was also able to bypass the requirement for the viral cyclin in reactiva-
tion. These data show that the gammaherpesvirus viral cyclin functions specifically to bypass the cyclin-dependent kinase inhibi-

tor p18™X*, revealing an unanticipated specificity between a GHV cyclin and a single cyclin-dependent kinase inhibitor.

IMPORTANCE

The gammaherpesviruses (GHVs) cause lifelong infection and can cause chronic inflammatory diseases and cancer, especially in
immunosuppressed individuals. Many GHVs encode a conserved viral cyclin that is required for infection and disease. While a
common property of the viral cyclins is that they resist inhibition by normal cellular mechanisms, it remains unclear how im-
portant it is that the GHVs resist this inhibition. We used a mouse GHYV that either contained or lacked a viral cyclin to test
whether the viral cyclin lost importance when these inhibitory pathways were removed. These studies revealed that the viral cy-
clin was required for optimal function in normal mice but that it was no longer required following removal or reduced function
of a single cellular inhibitor. These data define a very specific role for the viral cyclin in bypassing one cellular inhibitor and

point to new methods to intervene with viral cyclins.

he gammaherpesviruses (GHVs) include the human patho-

gens Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associ-
ated herpesvirus (KSHV), which are associated with multiple lym-
phoproliferative and inflammatory diseases (1). Gammaherpesvirus
68 (GHV68) (or murine herpesvirus type 4 [MuHV-4]) infects
laboratory mice and provides a small-animal model for these
infections and diseases, as it allows examination of all stages of
infection, using both wild-type (WT) and mutant viruses and
mice (2).

The GHVs have an intimate relationship with cells of the im-
mune system. The GHVs establish lifelong infection in cells of the
immune system, primarily B cells, and exploit the natural lifestyle
of B cells for their maintenance and propagation (3). Primary
GHY infection results in production of virus and lysis of many cells.
Acute infection is controlled by the immune response in a healthy
host, so that within 2 weeks postinfection (p.i.), only latent infection
can be detected. Latent, or quiescent, infection is exquisitely attuned
to the host cells and is typified by very low levels of viral gene expres-
sion in cells that harbor the viral genome. Latently infected cells retain
the capacity to reactivate from latency, to express the full complement
of viral genes, and to make new virus. Reactivation from latency is one
mechanism contributing to virus transmission. The balance between
latent infection and reactivation is constantly regulated by the im-
mune response, with immune compromise and multiple cofactors
influencing virus reactivation (2, 4).
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Some of the GHVs, including KSHV, GHV68, and herpesvirus
saimiri, encode a conserved viral cyclin (v-cyclin) that is homol-
ogous to host D-type cyclins (5-7). EBV does not encode a v-
cyclin, but instead, at a similar position in the viral genome, carries
genes that upregulate the expression of host D-type cyclins (8—10).
Cyclins are the regulatory components of cyclin/cyclin-dependent
kinase (CDK) complexes that directly promote cell cycle progres-
sion. Exogenous expression studies demonstrated that v-cyclins
differ from host cyclins in that they are more promiscuous in their
CDK partners and, when partnered with host CDKs, phosphory-
late more potential substrates (11). V-cyclins differ from cellular
cyclins in their relative insensitivity to host cyclin-dependent ki-
nase inhibitors (CKIs) (12). A primary function of the CKlIs, in-
cluding both the INK4 and Cip/Kip proteins, is to limit cyclin/
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CDK activity and restrain cell cycle progression (13). The CKls
also regulate additional cellular processes, including develop-
ment, senescence, differentiation, and restraint of malignant
transformation (14). The specificity and redundancy of host CKIs
remain ongoing areas of investigation, with cell-type- and con-
text-specific roles identified for many CKIs.

V-cyclins have the capacity to interact with a wide range of
proteins and can be oncogenic when constitutively expressed (15,
16). Despite this capacity of v-cyclins upon exogenous expression,
in vivo analysis of v-cyclin-deficient viruses using the GHV68 sys-
tem revealed that a primary function of the v-cyclin during GHV
infection is to promote reactivation from latent infection (17, 18).
Notably, the v-cyclin is required for reactivation from latency in
multiple strains and genetic deficiencies. Furthermore, the v-cy-
clin is required for optimal chronic disease relative to WT GHV68,
an observation that suggests that viral reactivation from latency is
critical for promotion of chronic GHV disease (19-22). The con-
servation of the v-cyclin in many GHVs, combined with the strong
association of the v-cyclin with GHV-associated disease, high-
lights the role of the v-cyclin in GHV pathogenesis. Despite these
studies, the mechanisms of action of the v-cyclins in vivo remain
poorly understood. Here, we made use of the GHV68 system to
study the genetic requirement for the v-cyclin in reactivation from
latency in the presence or absence of the host CKIs p27%** and
p18™¥4< two prominent CKls in B cells. By using sensitive assays
to detect latency and reactivation, these studies allowed us to study
the genetic interplay between v-cyclin-dependent reactivation
and host CKIs in the context of rare, latently infected primary
cells. Based on these studies, we demonstrate that the v-cyclin,
with all of its potential binding partners and activities, is required
primarily to bypass a single host protein, p18"™**°, These studies
define an unanticipated specificity of the v-cyclin and a single host
CKI, identifying a new axis for modulation of chronic GHV
pathogenesis.

MATERIALS AND METHODS

Viruses and tissue culture. Viruses were passaged and grown and their
titers were determined using two GHV68 viruses, (i) parental WT GHV68
(WUMS clone; ATCC VR1465) and (ii) a v-cyclin.Stop virus (vCycKO)
containing a translation stop cassette, as described previously (17). 293T
cells, NIH 3T12 cells, and murine embryonic fibroblasts (MEFs) were
grown in Dulbecco’s modified Eagle medium (DMEM) supplemented
with fetal bovine serum (FBS), 100 U penicillin/ml, 100 mg streptomycin/
ml, and 2 mM L-glutamine. MEFs were generated from C57BL/6 embryos
as described previously (23). 293T cells were CaPO, transfected with
pcDNA-p18™ ¢ (24) for whole-cell lysate preparation at 48 h.

Mice, infections, and organ harvest. p18™%*"/~ (gene name,
CDKN2C) and p27%iPt—/~ (gene name, CDKN1B) mice on a C57BL/6
background (David Franklin, Purdue University) were previously de-
scribed (25). All p18 and p27 knockout (p18KO and p27KO) and
heterozygous mice were bred and maintained at the University of Colo-
rado in accordance with all federal and university policies. C57BL/6] mice
were purchased from the Jackson Laboratory (Bar Harbor, ME). The mice
were age and gender matched for infection between 8 and 12 weeks, with
isoflurane anesthetization prior to intraperitoneal (i.p.) injection with 10°
PFU of virus in 0.5 ml of complete DMEM. Spleens and peritoneal cells
(PerCs) were harvested as described previously (17). All the infected mice
were housed in an animal biosafety level 2 facility in accordance with all
university regulations.

Genotyping of p18 and p27 mice. Genotypes were determined by tail
DNA PCR. The primers used for PCR analysis were as follows: p18WT-F,
5" AGCCATCAAATTTATTCATGTTGCAGG; pl8MG-47, 5 CCAT
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TTGCCTCCATCAGGCTAATGACC; pGKNeo-R, 5 CCAGCCTCTG
AGCCCAGAAAGCGAAGG; p27KO-1, 5" AGATGTCAAACGTGAGA
GTGTCTAACG; p27K0-2, 5" TCCAGGTTATGAGAGTGTCTAACG;
p27Neo-F, 5" CTTGGGTGGAGAGGCTATTC; and p27Neo-R, 5" AGG
TGAGATGACAGGAGATC. Each set of primers (both forward and
reverse) was used to genotype both strains of mice, and each mouse
genotype was determined in duplicate reactions. PCRs consisted of
denaturation at 95°C for 5 min, followed by 40 cycles of denaturation
(95°C; 45 5), annealing (57°C; 45 s), and elongation (72°C; 45 s). Samples
were visualized on a 2% agarose gel using ethidium bromide to identify
p18 WT (600 bp), p18 deficient (400 bp), and p18 heterozygous (both
bands), and p27 WT (200 bp), p27 deficient (300 bp), and p27 heterozy-
gous (both bands). Female p27 /~ homozygous mice are infertile (26),
and therefore, all p27-deficient mice were bred from heterozygotes.

Frequency of latently infected cells. The frequency of cells harboring
the GHV68 genome was determined by limiting-dilution nested PCR of
the GHV68 gene 50 sequence, as described previously (19, 23). Twelve
PCRs were analyzed for each cell dilution, with six dilutions per sample
per experiment. Controls included uninfected cells alone or with the ad-
dition of 10 copies or 1 copy of gene 50 plasmid DNA.

Frequency of cells reactivating from latency. The frequency of cells
capable of reactivating was determined using a limiting-dilution reactiva-
tion assay, as described previously (19, 23). Briefly, at 42 days p.i., PerCs
were harvested and plated on MEF monolayers, starting at 4 X 10* PerCs/
well. Preformed virus was detected by parallel plating of mechanically
disrupted cells (mechanical disruption with glass beads in a Fastprep
Bio101 homogenizer [ThermoSavant] kills >99% of cells with no detect-
able inactivation of virus). Twelve dilutions were plated per sample, and
24 wells were plated per dilution. All wells were scored for viral cytopathic
effect (CPE).

The limiting-dilution assay for ex vivo reactivation quantifies the
frequency of virus-infected cells capable of reactivating from latency,
as measured by virus reactivation and amplification on mouse embry-
onic fibroblast monolayers. To discriminate between virus produced
by reactivation, a process that requires live cells, and virus resulting from
preformed virus, which does not require intact cells, all reactivation assays
included a parallel dilution series of infected cells that had been mechan-
ically disrupted. These mechanically disrupted samples measured the
amount of preformed virus. In all of the experiments described here,
plating of mechanically disrupted cells resulted in no cytopathic effect.
While we included mechanically disrupted samples in Fig. 1, we did not
depict these uniformly negative values in all subsequent figures.

Immunoblotting. Samples were analyzed as described previously
(27). Briefly, equivalent numbers of cells were boiled in Laemmli buffer,
resolved on SDS-12% PAGE gels, transferred to nitrocellulose, and incu-
bated with 1:500 anti-p18 antibody (Santa Cruz) or 1:2,000 anti-f3-actin
(Sigma Chemical), followed by 1:6,000 donkey anti-rabbit or anti-mouse
Ig-horseradish peroxidase (HRP) (Jackson ImmunoResearch) and devel-
opment with ECL Plus (Amersham Pharmacia).

RT-PCR. For reverse transcription (RT)-PCR for cell cycle analysis,
on average, 2 X 10° to 4 X 10° peritoneal cells were collected per mouse.
Total peritoneal cells from uninfected mice were directly subjected to
RNA extraction. Infected peritoneal cell samples at 42 days postinfection
were collected from 5 mice per group and pooled prior to plating for
reactivation and limiting dilution (LD)-PCR analysis, with the remaining
cells viably frozen. Total peritoneal cells from either uninfected p18-defi-
cient or Black6 mice or mice infected with wild-type or cyclin-deficient
GHV68 (cells corresponding to reactivation and genomic-DNA analyses
are shown in Fig. 1A and Band I'andJ). RNA samples were prepared using
TRIzol extraction (Life Technologies) with the manufacturer’s protocol.
RNA was treated with RQ1 DNase (Promega) for 1 h at 37°C to digest any
residual DNA. RT-PCR was performed using a OneStep RT-PCR kit (Qia-
gen). Briefly, 200 ng of DNase-treated RNA was added per RT reaction.
Expression of cellular p18™**¢, cyclin D3, cyclin D2, cyclin E, CDKS6, or
-actin was measured using the transcript-specific primers listed below.
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FIG 1 The genetic requirement for the GHV68 v-cyclin in reactivation is relieved in p18"™**-deficient mice. Shown are the frequencies of reactivation (A, C, E, G, and
I) and viral-genome-positive cells (B, D, F, H, and ]) in infected PerCs from mice infected with WT GHV68 or vCycKO. (A and B) Frequency of reactivation from latency
(A) or viral-genome-positive cells (B), comparing WT GHV68 and vCycKO in C57BL/6 mice. (C and D) Frequency of reactivation (C) or viral-genome-positive cells
(D), comparing WT GHV68 and vCycKO in p275iP! /= p18"™K4<~/~ mjce, (E and F) Frequency of reactivation (E) or viral-genome-positive cells (F), comparing WT
GHV68 and vCycKO in B¥P'*/~ mice. (G and H) Frequency of reactivation (G) or viral-genome-positive cells (H), comparing WT GHV68 and vCycKO in p275i#'~/~
mice. (I and J) Frequency of reactivation (I) or viral-genome-positive cells (J), comparing WT GHV68 and vCycKO in p18™54~/~ mice. PerCs were collected 6 weeks
p.i. and were limiting-dilution plated either onto indicator MEFs to measure the frequency of reactivating cells by CPE or for nested-PCR detection of the viral genome
to measure latently infected cells. The data represent averages = standard errors of the mean (SEM) of the results of 2 to 4 independent experiments, each with 4 or 5
pooled mice per sample. The frequency of reactivating or genome-positive cells was calculated by Poisson distribution, indicated by the dotted lines at 63%. Within each
genotype, there was a statistically significant difference in reactivation between WT virus and vCycKO, as calculated by paired ¢ test (P < 0.05). Using the same criteria,
there was no statistically significant difference in the frequencies of genome-positive cells between WT virus and vCycKO. Mechanically disrupted cells were plated in
parallel to measure the presence of preformed infectious virus and were uniformly negative (diamond symbols on the x axis), indicating that the virus resulted from
reactivation from latency.
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To ensure no DNA contamination was present, PCR was also performed
with no reverse transcriptase. PCRs were resolved on 2% agarose gels and
visualized by ethidium bromide. The primers used were as follows:
p18INK4c forward, 5" GATTTGGGAGAACTGCGCTG; p18INK4c re-
verse, 5" GCCTGGAACTCCAGCAAAGCG; cyclinD3 forward, 5" CAGGC
AGACGGTACCTAGAAG; cyclinD3 reverse, 5' CAGTGCGTGAAAAGG
AGATC; cyclinD2 forward, 5" GCTTGCGAAGGATGTGCTC; cyclinD2
reverse, 5 CCTGGGTGCAGTGTGCATG; cyclinEl forward, 5" GAGCA
CTTTCTGCAGCGTCA; cyclinEl reverse, 5 GGCTGAAATCCCAATAA
GCTGTAA; CDK6 forward, 5° TACCCACAGAAACCATAAAGGAT;
CDKG6 reverse, 5 ACGACCACCGAGGTAAGGGCCA; B-actin forward,
5" GCCACCAGTTCGCCATGG; and B-actin reverse, 5" CAATGCCATG
TTCAATGGGGTA.

Flow cytometry. Infected peritoneal cells were collected at 8 and 16
days postinfection and stained with fluorescently conjugated antibodies
against CD19 (eBioscience; clone eBiolD3) and CD5 (eBioscience; clone
53-7.3). All staining was done in the presence of the Fc receptor-blocking
antibody 24G2. Flow cytometric analysis was performed on an LSR II flow
cytometer (BD Biosciences). Compensation values were calculated using
DIVA software (BD Biosciences) and were based on fluorescence values
obtained with antibody-stained compensation beads.

Plaque neutralization assay. Virus neutralization assays were per-
formed as described previously (28). Briefly, 10* PFU of virus in 45 pul was
incubated with 5 pl serial dilutions of sera collected from preimmune and
immune (42 days p.i.) p18™/", p18~'~, or p18™/~ mice. Virus and sera
were incubated at 37°C for 1 h, followed by plaque assay to quantitate
infectious virus. Internal controls included medium only and virus plaque
standards, and the percent neutralization was measured based on the virus
titer in the absence of antibody.

Ex vivo stimulation of infected cells. PerCs from mice infected with
WT GHV68 or vCycKO were harvested for ex vivo reactivation analysis.
The cells were cultured in RPMI supplemented with 10% FBS, 100 U
penicillin/ml, 100 mg streptomycin/ml, 2 mM L-glutamine, and 0.05 mM
2-mercaptoethanol. PerCs (2 X 10°) were subjected to treatment with
recombinant BAFF (B cell-activating factor) (50 ng/ml), anti-IgM (5 g/
ml; B76, rat IgG1), or both (29) or left untreated for 1 h at 37°C prior to
plating on MEFs for ex vivo reactivation analysis, as described above.
BAFF (10 ng/well) was added daily for the first 4 days of culture.

Statistical analysis. All data were analyzed using GraphPad Prism
software (GraphPad Software, San Diego, CA). The frequencies of reacti-
vation were obtained by determining the number of cells at which 63% of
wells scored positive, based on the Poisson distribution; the data were
subjected to nonlinear-regression analysis to obtain the single-cell fre-
quency for each limiting-dilution analysis, as indicated by the curve fit
line. Statistical significance was determined using the paired Student ¢ test.

RESULTS

V-cyclin is not required for virus reactivation in mice geneti-
cally deficient in the p27'"' and p18"™*“c cell cycle inhibitor
genes. V-cyclin is critical for efficient reactivation from latency, a
finding uniformly demonstrated across multiple mouse strains
and genetic deficiencies (17, 19, 20). While recent studies identi-
fied certain features of v-cyclin that promote reactivation from
latency (30), it remains unclear which host processes v-cyclin ma-
nipulates to promote reactivation from latency. In vitro, the v-
cyclins have broadened partner and target specificity, confer in-
creased kinase activity, and have decreased sensitivity to inhibitors
relative to cellular cyclins (11).

One common feature of the v-cyclins is decreased sensitivity to
the INK4 and Cip/Kip families of cell cycle inhibitors (11). Based
on this, we hypothesized that a primary function of the v-cyclin is
to bypass host CKIs. To test this, we generated mice with genetic
insufficiency of the cell cycle inhibitors p27<* and p18™**, two
CKIs known to regulate B cell development and function (29).

10824 jvi.asm.org

Journal of Virology

TABLE 1 Frequency of reactivation from latency as influenced by host
and virus genotypes

- Reactivation defect”
Frequency of reactivation®

(vCycKO vs WT
Host genotype WT GHV68  vCycKO GHV68)
C57BL/6] 1/19,588 <1/1,000,000  >51.05
pI18~/" X p277  1/5,152 1/26,363 5.12
p18*/~ 1/3,198 1/9,908 3.10
p18~'~ 1/1,297 1/3,162 2.44

@ Frequency of virus reactivation from latency as measured from peritoneal cells
explanted onto MEF monolayers, comparing wild-type and v-cyclin-deficient
(vCycKO) GHV68 at day 42 p.i. as calculated from ex vivo reactivation analyses shown
in Fig. 1.

b The fold reactivation defect was calculated as the quotient of the frequency of
reactivation for vCycKO divided by the frequency of reactivation for wild-type GHV68.

Due to infertility in p27 '~ females, we analyzed p18~’~ and
p27*'~ mice rather than full double knockouts. Previous work has
shown that unmanipulated p27- and p18-deficient mice eventu-
ally succumb to pituitary tumors and display gigantism and or-
ganomegaly over time and hypercellularity in the spleen, despite
normal B cell numbers (25). Mice were infected with either WT
GHV68 or v-cyclin-deficient GHV68 (vCycKO), and at 42 days
p.i., peritoneal cells were collected for limiting-dilution ex vivo
analysis of virus reactivation. Consistent with previous reports,
the v-cyclin was required for optimal reactivation in control
C57BL/6 mice, with vCycKO virus having a >100-fold deficit
in reactivation from latency (WT GHV®68, 1 in 19,588, versus
vCycKO, <1/1,000,000) (Fig. 1A) with no difference in the fre-
quency of viral-genome-positive cells (Fig. 1B). In striking con-
trast, we found that the reactivation deficit of the vCycKO virus
was partially restored following infection of p275P'*/~
p18™¥4™/~ mice, so that the vCycKO virus had only a 5-fold
defect in the frequency of cells reactivating from latency (WT
GHV®68, 1 in 5,152 cells, versus vCycKO, 1 in 26,363 cells) (Fig.
1C). Importantly, the frequencies of infected cells were compara-
ble in WT and vCycKO viruses in p27"/~ p18~'~ mice (Fig. 1D).
These data indicate that the v-cyclin is largely dispensable for re-
activation following genetic ablation of the p275"" and p18™X4c
cell cycle inhibitor genes.

Next, we dissected the contribution of either p27' or
p18™¥4 deficiency to the v-cyclin requirement in reactivation. In
both p27*/~ and p27 /" mice, we found that v-cyclin was re-
quired for reactivation, with vCycKO virus having a major defect
in reactivation from latency (Fig. 1E and G) and p27°"*" deficiency
appearing instead to restrain overall reactivation. In striking con-
trast, when we analyzed reactivation in p18-deficient mice, we
found a nearly equivalent frequency of reactivation between WT
GHV68 and vCycKO virus (WT GHV68, 1 in 1,297 versus 1 in
3,162) (Fig. 1I). Notably, in p18-deficient mice, vCycKO has only
a2.4-fold reactivation defect compared to the >100-fold defect in
pl18-sufficient C57BL/6 mice. In both p27- and pl8-deficient
mice, the frequencies of latently infected cells were equivalent be-
tween WT GHV68 and vCycKO, indicating that changes in the
reactivation frequency resulted from differences in reactivation
rather than overall changes in the frequency of infected cells (Fig.
1F, H, and J). These reactivation and latent-cell frequencies are
summarized in Table 1. In total, these data indicate that the ge-
netic requirement for the v-cyclin in reactivation is relieved by
ablation of the host cyclin-dependent kinase inhibitor p18™ 4,
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gene dosages of p18™*“ infected with either WT GHV68 or vCycKO and harvested at 42 days p.i. (A and B) Frequency of reactivation in p18 ™ and p18 '~ mice
(A) or p18™'~ mice (B), comparing WT GHV68 and vCycKO. The data represent averages = SEM of the results of 3 independent experiments, each with 4 or
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in reactivation between WT virus and vCycKO, as calculated by paired ¢ test (P < 0.05).

p18™**¢ regulates virus reactivation in a dose-dependent
manner. The above-mentioned data indicate that a genetic defi-
ciency in p18™**¢ alleviates the requirement for the v-cyclin in
reactivation from latency. To ensure that this phenotype was due
to p18 deficiency rather than a potential background effect and to
assess the consequence of p18 heterozygosity, we intercrossed
C57BL/6 and p18 ™'~ mice to make p18™/~ mice and then inter-
crossed these F1 animals to generate p18™*/*, p18™*/~, and p18 ™/~
mice. F2 progeny were genotyped for p18 and then infected with
WT GHV68 or vCycKO. By comparing the frequencies of reacti-
vation between WT GHV68 and v-cycKO in p18™/*,p18*/~, and
p18~'~ mice, we found that vCycKO had only a modest deficit
relative to WT GHV68 in mice that were either p18~/~ (Fig. 2A)
or p18+/_ (Fig. 2B) (WT, 1 in 3,198, versus vCycKO, 1 in 9,908).

During infection, p18 heterozygous mice expressed an inter-
mediate level of p18 protein in both splenocytes and peritoneal
cells from mice at 42 days p.i. (Fig. 2C). Furthermore, p18
heterozygous mice demonstrated an intermediate splenocyte
number compared to either p18*'* or p18~/~ mice (Fig. 2D).
These data demonstrated a gene dosage effect, so p18™** haplo-
insufficiency significantly alleviates the requirement for the v-cy-
clin in reactivation.

p18™ *_deficient mice mount an effective neutralizing-an-
tibody response. p18™ " has been shown to be critical for the
generation of T cell-dependent antibody responses using a model
antigen system (31). Therefore, a potential explanation for in-
creased vCycKO reactivation in p18-deficient mice could be de-
fective antibody control. While our previous studies found that
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long-term infection of B cell-deficient (WMT) mice did not result
in restoration of the vCycKO defect (19), puMT mice lack both B
cells and antibodies. To test the requirement for p18"™**“ in the
antiviral neutralizing-antibody response, we directly assessed
neutralizing antibody in preimmune and immune p18*'",
p18™/7, and p18~/" mice. As expected, uninfected (preimmune)
mice had no detectable neutralizing antibodies (Fig. 3). In con-
trast, at 42 days p.i., neutralizing antibody against GHV68 was
evident in all infected mice, with no significant differences be-
tween p18-sufficient and p18-deficient mice (Fig. 3). These data
indicate that after virus infection, p18"™**¢is dispensable for neu-
tralizing-antibody formation. Further, these data, along with pre-
vious analysis of infected uMT mice (19), demonstrate that resto-
ration of the vCycKO reactivation defect is specific to p18™**“and
was not due to a general defect in the antibody response.
p18™¥4<_deficient peritoneal cells are not detectably altered
in cell cycle status. p18™**“ is a member of the INK4 family of
cyclin-dependent kinase inhibitors that is typified by p16™*,
The INK4 CKIs inhibit cell cycle progression by virtue of binding
the G, CDKs, preventing their binding and activation by the G,
cyclins and thus preventing cell cycle entry and progression to S
phase. Therefore, one mechanism by which p18™%*¢ could impact
virus reactivation is by inhibition of cell cycle progression, an ef-
fect that would be manifested as a greater number of cells or
greater expression of cyclin E (S phase cyclin) in the absence of
p18™X4c, We measured expression of cell cycle components in
p18™¥4C sufficient and -deficient peritoneal cells. On average,
C57BL/6 mice yielded 3.5 X 10° peritoneal cells, while p18~/~
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FIG 3 Restoration of v-cyclin reactivation in the absence of p18™*“c did not
correspond to differences in neutralizing antibody. Shown is analysis of neu-
tralizing-antibody production in C57BL/6, p18*'~, and p18~/~ mice, com-
paring sera from uninfected (preimmune) or infected (immune; day 42 p.i.)
mice, by plaque neutralization assay. WT GHV68 was incubated with or with-
out the indicated dilutions of serum or medium for 1 h, and the percent
neutralization was calculated as follows: (PFU in serum-treated samples/PFU
in medium-treated controls) X 100. The data represent the means and SEM of
the results of two independent experiments, with three independent mice per

group.

mice yielded 4.2 X 10° peritoneal cells per mouse. Although this
analysis was limited in scope due to cell yield, expression of cellu-
lar cyclin E, indicative of cell cycle progression and entry into S
phase, showed no significant difference in the presence or absence
of p18™*4¢ (Fig, 4A). We also analyzed the expression of cell cycle-
related genes in infected peritoneal cells (containing approxi-
mately 1/1,000 latently infected cells) remaining from the experi-
ments shown in Fig. 1A and B and I and J (C57BL/6 or p18~'~
mice infected with WT GHV68 or vCycKO for 42 days). This
analysis also showed similar expression levels of cellular cyclins

A

rimers p18ink4dc cyclin D3

D2, D3, El, and CDKG6 regardless of host p18 or v-cyclin expres-
sion (Fig. 4B). Taken together, analysis of the total peritoneal cell
population, containing B cells, macrophages, and other cell types,
may conceal a cell-type-specific effect but overall suggests that the
critical role of p18™*“ in reactivation is not in blocking cell cycle
progression. This interpretation is consistent with published stud-
ies demonstrating that loss of p18 in B cells supports G, phase
entry, as demonstrated by subtle increases in cyclin D2 and CDKG,
but does not support cell cycle progression (31).

As previously reported, p18~/~ mice display approximately
1.2-fold-increased cellularity, including increased homeostatic
proliferation of peritoneal Bla cells, with accumulation over time
(32). To determine whether p18 deficiency results in proliferation
or skewing of potential reservoirs of infection, we quantified peri-
toneal Bla cells during infection. Peritoneal Bla cells (B220 and
CD5 positive; n = 3 per group) were represented as follows:
C57BL/6 mice infected with WT GHV68, 31.3%; C57BL/6 mice
infected with vCycKO, 27.5%; p18KO mice infected with WT
GHV68, 30.5%; p18KO mice infected with vCycKO, 28.4%. To-
gether, these data exclude p18™*“ control of Bla cell prolifera-
tion as its critical role in reactivation.

Antagonism of p18 restored reactivation of vCycKO virus in
normal C57BL/6 mice. While the above-mentioned data indicate
that p18™* 4 genetic deficiency can alleviate the requirement for
the v-cyclin in reactivation from latency, p18-deficient mice may
have developmental or cell-extrinsic changes that could alter the
nature of GHV6$ infection. To address the role of p18™ ¢ in
normal mice, we made use of the cytokine BAFF, a physiological
antagonist of p18™ *¢ in the B lymphocyte cell cycle and differ-
entiation (29). To do this, normal C57BL/6 mice were infected
with WT GHV68 or vCycKO, and at 42 days p.i., peritoneal cells
were treated with 50 ng/ml of BAFF, antibody to B cell receptor
(BCR), or both prior to limiting-dilution analysis of reactivating
cells. Notably, addition of BAFF alone was sufficient to increase
vCycKO reactivation relative to WT GHV68 in C57BL/6 perito-
neal cells. This effect was not dependent on, or augmented by,

cyclin E1 beta-actin

genotype B6 p18-/- B6 p18-/-

B6  pi8-/- B6  p18--

primers p18ink4c cyclin D3 cyclin E1 cyclin D2 beta-actin
genotype B6 p18-/- B6 p18-/- B6 p18-/- B6 _pi18-/- B6 p18-/-

virus WT KO WT KO WT KO WT KO WT KO WT KO WT KO WT KO WT KO WT KO

no-RT

FIG 4 Expression analysis of cell cycle-associated genes. Peritoneal cells were collected for RNA isolation and RT-PCR analysis from uninfected C57BL/6 and
p18-deficient (p18~'~) mice (A) and C57BL/6 and p18 ™/~ mice infected with either WT GHV68 or vCycKO (KO) (B). Reverse transcription or no-RT control
reactions are indicated on the left; the analysis shown represents at least two independent samples tested. Uninfected and infected samples showed no significant

difference in cell cycle progression, as indicated by cyclin E levels, in the presence or absence of p1
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Frequencies of reactivating cells in infected PerCs from p18 '~ mice cultured with medium or 50 ng/ml BAFF. The data represent averages = SEM of the results
of 2 to 4 independent experiments, each with 4 or 5 pooled mice per sample. The frequency of reactivating cells was calculated by Poisson distribution, indicated
by the dotted lines at 63%. Within each genotype, there was a statistically significant difference in reactivation between WT virus and vCycKO, as calculated by

paired f test (P < 0.05).

cross-linking of the BCR (Fig. 5A to C), consistent with the p18-
specific effects of BAFF previously reported (29). This effect was
dependent on antagonism of p18™**, as demonstrated by the
lack of reactivation changes following BAFF treatment of infected
p18-deficient cells (Fig. 5D). These data indicate that BAFF treat-
ment of latently infected cells ex vivo was sufficient for partial
restoration of the reactivation defect of vCycKO in normal
C57BL/6 mice and provide independent evidence that the primary
function of the conserved v-cyclin is to bypass the activity of the
host CKI, p18™¥4<,

DISCUSSION

The GHVs establish lifelong infection within their hosts, an inti-
mate relationship that has coevolved over millions of years (33).
Multiple virus-host interactions have evolved to facilitate virus
infection in healthy hosts, a balance that is disrupted in immune-
deficient individuals that develop GHV-associated chronic dis-
ease. Many GHVs express a v-cyclin that is homologous to host
D-type cyclins. While studies have focused on the contributions of
these v-cyclins to GHV pathogenesis and different stages of infec-
tion, there is still a relatively limited understanding of the in vivo
relevance of v-cyclin interactions. One common property of v-
cyclins is their relative resistance to CKIs (12). Given this common
property, we hypothesized that a primary function of the v-cyclin
is to bypass host CKIs and that ablation of the v-cyclin would
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reveal a CKI-dependent regulation of reactivation. To test this, we
compared reactivation of WT and v-cyclin-deficient GHV68 in
the presence or absence of the CKIs p275"! and p18™ <, These
studies revealed that the v-cyclin was required for reactivation in
p18™¥4“_sufficient hosts but was completely dispensable for reac-
tivation in p18™**“_deficient hosts. These data show that the pri-
mary genetic requirement for the v-cyclin in promoting reactiva-
tion is to bypass p18"™“ and that in the absence of the v-cyclin,
p18™¥4¢ has a primary role in limiting reactivation.

These studies began with an analysis of reactivation in CK
mice, achieved by generating p18™**“-deficient, p27 heterozy-
gous mice. While p27"' and p18™¥*° are both categorized
broadly as cell cycle inhibitors and are both expressed in lympho-
cytes, they regulate very different processes. On one hand, p27°%*,
as a member of the Cip/Kip protein family, was originally identi-
fied as a prominent inhibitor of CDKs and cell cycle progression.
In contrast, pl 8INKic 55 a member of the INK4 protein family, was
originally presumed to function primarily as an inhibitor of
CDK4/6, akin to p16™***, Subsequent studies have revealed that
p18™X4¢has a number of important biochemical roles physiolog-
ically distinct from those of p16™*** (34), and p18™%* is now
known to be a regulator of hematopoietic stem cell proliferation
versus differentiation, plasma cell differentiation, and B cell ho-
meostasis.

Though our initial hypothesis was that p18"™*4¢ and p27%P!

Ilow
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would together contribute to cell cycle inhibition and that abla-
tion of these CKIs would obviate the requirement for the viral
cyclin in reactivation, our data reveal unexpectedly divergent roles
for p18™X4 and p27%' in regulating reactivation. First,
p18™X“<_deficient mice show enhanced reactivation from latency,
a phenotype that is particularly exaggerated following infection
with vCycKO virus. Conversely, p27-deficient mice show reduced
reactivation from latency, with decreased reactivation of both
wild-type and vCycKO viruses. This article has primarily focused
on p18™** because of the profound and unexpectedly specific
consequence of its deletion for reversing the reactivation defect of
vCycKO virus.

While the molecular mechanism(s) behind the role of p275P!
in regulating reactivation from latency is not known, this result
was completely unexpected. Indeed, biochemical studies of the
v-cyclin have shown that the v-cyclin is capable of phosphorylat-
ing p27%! for degradation (35), suggesting that one function of
the v-cyclin in reactivation may be to degrade p27*"*. Based on
the inability of p27 deficiency to restore reactivation of the
vCycKO virus, p275'P! does not demonstrate v-cyclin-specific
effects during reactivation.

Beyond interactions between the v-cyclin and p27'!, why
might p27 deficiency reduce reactivation? p27 deficiency may re-
sult in at least two alterations that could impair reactivation. First,
p275"P! and the Cip/Kip proteins have a dual role in cell cycle
regulation, where p275"' promotes cell cycle progression by es-
corting G, cyclins to the nucleus (36). Second, p27'P! has been
shown to play a critical role in determining the balance between T
cell anergy and differentiation (37). The relative contributions of
these and other mechanisms remain subjects for future study. De-
spite the impaired reactivation of wild-type GHV68 in p27-insuf-
ficient mice, our data clearly indicate that p18 deficiency has a
dominant effect when introduced on a p27-insufficient back-
ground, resulting in significantly increased reactivation of both
wild-type GHV68 and vCycKO. The dominant effect of p18 defi-
ciency over p27 deficiency has previously been observed in certain
contexts (38).

Demonstration that the v-cyclin is dispensable for reactivation
in p18™**“insufficient settings is notable, since previous studies
uniformly found that v-cyclin-deficient viruses have a profound
deficit in reactivation, regardless of genetic background or im-
mune deficiency (17-20). The vCycKO reactivation defect is ob-
served even in animals with high reactivation levels, such as mice
unresponsive to the antiviral cytokine interferon gamma (IFN-vy)
(20). The failure to reverse the reactivation defect of the vCycKO
virus in these previous contexts demonstrates that increased reac-
tivation is not sufficient to bypass the requirement for the v-cyclin.
Instead, the specific alleviation of the v-cyclin requirement in re-
activation in p18™ *_deficient mice indicates that the primary
function of the v-cyclin during reactivation is to bypass inhibition
by p18™¥* or p18™X4<_dependent processes.

p18™¥X4¢is one of four genes in the INK4 family of CKIs, all of
which bind CDK6 and CDK4 (13), yet none of the other INK4 or
Cip/Kip family members compensate for p18"™“ deficiency in
GHYV reactivation. This is particularly notable for p27'*, as it has
been shown to be a target of v-cyclin-mediated phosphorylation
(35); despite this, p27*! does not compensate for p18"™*¢ defi-
ciency in regard to v-cyclin-dependent reactivation. Rather,
p275%P! deficiency resulted in an overall decrease in reactivation
irrespective of the v-cyclin.
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p18™X4¢ has been implicated in differentiation in multiple cell
types, including B cells, in a genetically nonredundant manner
(31, 32). p18™&*¢ plays distinct roles in hematopoietic develop-
ment, autoimmunity, plasma cell differentiation, and tumorigen-
esis (32, 39, 40). Additionally, p18™**° demonstrated dose depen-
dence in regulation of viral reactivation. This is likely to be
physiologically relevant, since not only can p18™**¢ be antago-
nized by BAFF, but its expression can also be dynamically re-
pressed by microRNA (miRNA), long noncoding RNA, transcrip-
tion, and epigenetics (41-44).

It is interesting that while BAFF treatment reduces the differ-
ence in reactivation frequency between wild-type and vCycKO
viruses, this outcome comes from a reduction in wild-type reacti-
vation coincident with an increase in vCycKO reactivation. At this
time, it is unclear why BAFF treatment does not phenocopy
p18™¥X4¢ deficiency, in which both wild-type and vCycKO virus
reactivation are increased. BAFF antagonism of p18 may differ
from p18™X 4 deficiency quantitatively, based on BAFF receptor
status, or qualitatively, in that BAFF signaling also induces NF-kB
(29), a known repressor of the lytic viral transactivator.

At this time, it has not been possible to measure the magnitude
of BAFF antagonism of p18"™**“ in our ex vivo cultures. Previous
measurement of BAFF inhibition of p18™%*¢ relied on an indirect
measure, induction of cell cycle entry, as reflected by increases in
cyclin D2 and serine-phosphorylated retinoblastoma (Rb) protein
(29). This effect was observed by comparing p18™**“_sufficient
and -deficient cells; to date, there is no evidence that BAFF directly
influences the p18™**¢ protein level, nor is there a specific
p18™¥X4¢ protein modification known to be induced by BAFF
treatment. We anticipate that future evaluation of this interaction
will require the development of new tools to identify, analyze, and
purify rare latently infected cells.

Our data highlight a specific, dose-dependent role for p1
in control of viral reactivation, revealed by the absence of the
v-cyclin. We and others previously described viral and host cyclin
features required to promote reactivation from latency (30, 45).
While both the GHV68 and KSHYV cyclins can promote reactiva-
tion when expressed from the GHV68 v-cyclin locus, it is notable
that host cyclin D3 (but not cyclin D2, E, or A) could also partially
promote reactivation (30). Given that p18™** can restrict reac-
tivation in the absence of the v-cyclin, this suggests that cyclin D3
may also be relatively resistant to p18"™%*¢ inhibition. While this
remains to be directly tested, cyclin D3/CDK6 complexes were
shown to be less susceptible to CKI inhibition by p16™ "2,
p275%P1 and p21°"*! (46, 47).

These studies establish the first genetic link between the GHV
v-cyclin and host p18™%*¢ and raise a number of questions. First,
is v-cyclin bypass of p18"™*¢ related to the cell cycle, or does the
v-cyclin manipulate another CDK-dependent process (e.g., B cell
differentiation [31, 32] or NF-kB activation [48])? Second, does
the v-cyclin bypass p18™**¢ in a CDK-dependent or -indepen-
dent mechanism (45)? Third, while the KSHV cyclin can directly
interact with the p18™%*¢ protein (49, 50), does the v-cyclin by-
pass p18"™¥4 by a direct protein-protein interaction or is it in-
stead a functional bypass? We anticipate that use of a large panel of
chimeric cyclins will afford unique insights into this process (30).

While our study focused on genetic and physiological antago-
nism of p18 by the v-cyclin, it is notable that the KSHV v-cyclin
can form a ternary complex with p18 and CDK6 (49), and p18 was
identified as the major protein interacting with the v-cyclin in a

8INK4C
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recently published genome interactome study (50). These studies
suggest that the v-cyclin may directly physically interact with and
modulate p18 function, something we are currently investigating.

At this time, our data do not support a role for p18 in inhi-
bition of classical CDKs as the primary determinant of vCycKO
restoration. This conclusion is based on the lack of a detectable
difference in S phase progression between C57BL/6 and p18-
deficient mice. One major caveat to this analysis, however, is
that it is based on a mixed population of peritoneal cells, a very
small number of which were latently infected. Future studies
will require detailed analysis of cell cycle regulation within vi-
rus-infected cells in the presence or absence of the v-cyclin and
in the presence or absence of p18. At this time, these studies are
not technically feasible, due to both an inability to uniformly
identify virus-infected cells and the relative paucity of primary
latently infected cells (at most 1 in 100 cells at the peak of
latency).

These studies provide genetic and physiological evidence
that p18™%4© acts to repress reactivation and that the viral cy-
clin is able to overcome or bypass its repression. The mecha-
nism(s) by which p18 limits reactivation remains unknown at
this time. Although p18 is a member of the INK4 family of cell
cycle inhibitors, the function of p18 appears to be primarily as
a critical regulator of cellular differentiation and survival in-
stead of as a canonical cell cycle inhibitor (34). Prominent roles
of p18 include its unique role in promoting plasma cell differ-
entiation (31) and homeostatic regulation of Bla cells (51); p18
is further lost in particular tumor cell types (52, 53). Given that
B cells are a major latent reservoir for GHV68 (2) and that
plasma cells are a critical mediator in virus reactivation (54),
our current working model is that p18 restricts reactivation by
modulating plasma cell differentiation. Future studies focused
on the role of p18 in GHV68-infected B cells will be required to
build further on our current genetic and physiological insights
into the interactions between the viral cyclin p18 and reactiva-
tion.

In total, our data emphasize the importance of GHV v-cyclin
resistance to host CKIs, a conserved feature of the GHV v-cyclins.
Our data further provide concrete genetic evidence that a primary
role of the v-cyclin is bypass of a single CKI, defining a new po-
tential axis for intervention in GHV pathogenesis.

One potential point of intervention to antagonize the vCyclin
could be either to enhance p18 expression (55) or to increase the
functional capacity of p18, as previously described (24). These
interventions would be predicted to limit GHV reactivation. Al-
ternatively, deliberate disruption of p18 activity via small mole-
cules (56) could be used to induce lytic reactivation, a therapeutic
regimen that may be particularly useful in the context of latency-
associated GHV malignancies (57).
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