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ABSTRACT Gammaherpesviruses, including Epstein-Barr virus (EBV), Kaposi sarcoma-associated herpesvirus (KSHV, or HHV-
8), and murine gammaherpesvirus 68 (MHV68, YHV68, or MuHV-4), are B cell-tropic pathogens that each encode at least 12
microRNAs (miRNAs). It is predicted that these regulatory RNAs facilitate infection by suppressing host target genes involved in
a wide range of key cellular pathways. However, the precise contribution that gammaherpesvirus miRNAs make to viral life cycle
and pathogenesis in vivo is unknown. MHV68 infection of mice provides a highly useful system to dissect the function of specific
viral elements in the context of both asymptomatic infection and disease. Here, we report (i) analysis of in vitro and in vivo
MHV68 miRNA expression, (ii) generation of an MHV68 miRNA mutant with reduced expression of all 14 pre-miRNA stem-
loops, and (iii) comprehensive phenotypic characterization of the miRNA mutant virus in vivo. The profile of MHV68 miRNAs
detected in infected cell lines varied with cell type and did not fully recapitulate the profile from cells latently infected in vivo.
The miRNA mutant virus, MHV68.Zt6, underwent normal lytic replication in vitro and in vivo, demonstrating that the MHV68
miRNAs are dispensable for acute replication. During chronic infection, MHV68.Zt6 was attenuated for latency establishment,
including a specific defect in memory B cells. Finally, MHV68.Zt6 displayed a striking attenuation in the development of lethal
pneumonia in mice deficient in IFN-vy. These data indicate that the MHV68 miRNAs may facilitate virus-driven maturation of
infected B cells and implicate the miRNAs as a critical determinant of gammaherpesvirus-associated disease.

IMPORTANCE Gammaherpesviruses such as EBV and KSHV are widespread pathogens that establish lifelong infections and are
associated with the development of numerous types of diseases, including cancer. Gammaherpesviruses encode many small non-
coding RNAs called microRNAs (miRNAs). It is predicted that gammaherpesvirus miRNAs facilitate infection and disease by
suppressing host target transcripts involved in a wide range of key cellular pathways; however, the precise contribution that
these regulatory RNAs make to in vivo virus infection and pathogenesis is unknown. Here, we generated a mutated form of mu-
rine gammaherpesvirus (MHV68) to dissect the function of gammaherpesvirus miRNAs in vivo. We demonstrate that the
MHV68 miRNAs were dispensable for short-term virus replication but were important for establishment of lifelong infection in
the key virus reservoir of memory B cells. Moreover, the MHV68 miRNAs were essential for the development of virus-associated

pneumonia, implicating them as a critical component of gammaherpesvirus-associated disease.
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ammaherpesviruses, such as the human pathogens Kaposi

sarcoma-associated herpesvirus (KSHV, or HHV-8) and
Epstein-Barr virus (EBV), as well as the murine gammaherpesvi-
rus 68 (MHV68, MuHV-4, or yYHV68), are lymphotropic viruses
characterized by their ability to establish lifelong infections within
their host. Furthermore, gammaherpesviruses have a consequent
association with the development of a variety of malignancies,
including B cell lymphomas and Kaposi’s sarcoma (1-3). These
viruses have also been linked to an assortment of other diseases,
including posttransplant complications, large-vessel vasculitis,
autoimmunity, and lethal pneumonia. Following initial coloniza-
tion of the host and virus amplification during the acute phase of
infection, gammaherpesviruses establish chronic infection in a
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limited fraction of lymphoid cells. In particular, circulating ma-
ture B cells have been identified as a primary reservoir of latent
infection for KSHV, EBV, and MHV68 (4-9).

Central to the process of chronic gammaherpesvirus infection
is the establishment of a highly restricted viral gene expression
program within the infected cells, which enables these viruses to
evade continuous active immune surveillance and persist in vivo
throughout the lifetime of the host. One component of this re-
stricted program is the transcription of noncoding RNAs
(ncRNAs), such as microRNAs (miRNAs) (10, 11). These ~22-
nucleotide miRNAs typically bind imperfectly to the 3" untrans-
lated region (UTR) of target mRNAs and regulate protein expres-
sion through mechanisms involving mRNA degradation,

mBio mbio.asm.org 1


http://creativecommons.org/licenses/by-nc-sa/3.0/
http://creativecommons.org/licenses/by-nc-sa/3.0/
mbio.asm.org

Feldman et al.

sequestration, and translational repression (12). Mammalian
miRNAs are known to participate in cell differentiation, metabo-
lism, homeostasis, apoptosis, and cancer. Therefore, not surpris-
ingly, it has recently been reported that many viruses, including
the herpesviruses, polyomaviruses and some retroviruses, have
adopted miRNAs as a means to promote viral fitness (13—-16). EBV
and KSHV encode 25 and 12 pre-miRNAs, respectively (10, 11,
17-20). Potential targets of EBV and KSHV miRNAs have been
identified through experiments utilizing cross-linking immuno-
precipitation (CLIP) of RNA-induced silencing complexes (RISC)
from cultured human tumor cell lines (21-25). Such experiments,
in conjunction with molecular target validation and biological
significance studies, have demonstrated that EBV and KSHV miR-
NAs target transcripts are involved in immune recognition, apo-
ptosis, and cell cycle pathways, among others (16, 26). Recent
studies have also demonstrated that at least some gammaherpes-
virus miRNAs can act as functional orthologs of host miRNAs. For
example, KSHV miR-K12-11 shares seed homology with hsa-
miR-155 (27, 28), and can similarly induce B cell differentiation
and expansion (29, 30). Interestingly, some viral ncRNAs may also
regulate the expression of host miRNAs, including regulatory
RNAs involved in lymphocyte activation and maturation (31).
Finally, several viral miRNAs directly suppress specific viral tran-
scripts, perhaps in part as a mechanism to fine-tune leaky tran-
scription during persistent infections (13).

Thus, emerging evidence indicates that gammaherpesvirus
miRNAs target both virus and host transcripts. However, the in
vivo functions of these regulatory RNAs remain elusive. Whereas
studies of the human gammaherpesviruses EBV and KSHV have
been confined primarily to in vitro studies by the narrow host
range of these viruses, MHV68 provides a small-animal model for
refining the study of molecular and cellular events that occur dur-
ing gammaherpesvirus latency and pathogenesis (32). MHV68 is a
murine gammaherpesvirus originally isolated from a free-living
rodent population (33, 34). Like the human gammaherpesviruses,
MHV68 establishes long-term latency in B cells and is capable of
inducing lymphoma and lymphoproliferative disease (6, 35, 36).
Like EBV and KSHV, MHV68 encodes miRNAs, which were iden-
tified by small-RNA cloning and deep-sequencing approaches.
Now, 15 MHV68 mature miRNAs have been detected, all of which
are clustered at the 5" end of the genome (11, 37-39). Uniquely, all
MHV68 miRNAs are located downstream of viral tRNA-like ele-
ments (vtRNAs) and transcribed by RNA polymerase III from
canonical polymerase III promoters. These linked tRNA-miRNA-
encoding RNAs (TMERs) harbor one or two miRNA-containing
stem-loops each and are initially cleaved by tRNaseZ instead of
Drosha, similar to cellular noncoding tRNAs (40, 41). Interest-
ingly, even prior to the discovery of small regulatory ncRNAs in
mammals, early MHV68 studies demonstrated high expression
levels of these vtRNA-linked transcripts in latently infected cells
during asymptomatic infection, as well as in proliferating B cells in
the context of lymphoproliferative disease (36, 42). Thus, these
TMER transcripts are highly expressed as a normal process of the
in vivo biology of MHV68. However, the function of the MHV68
TMERs and all gammaherpesvirus-encoded miRNAs during in
vivo infection is poorly understood.

To better define the biological role of MHV68-encoded miR-
NAs in vivo, we have (i) quantified the relative expression levels of
mature miRNAs during various phases of infection, (ii) generated
an MHV68 mutant virus with completely absent or significantly
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reduced expression of all 14 pre-miRNAs, and (iii) tested the abil-
ity of this mutant to undergo acute replication, establish latency,
and cause disease. In this paper, we demonstrate that the MHV68-
encoded miRNAs are expressed at high levels throughout the
acute phase of infection in vitro and in latently infected cells in
vivo. Interestingly, the patterns of expression during in vivo la-
tency differed from that previously reported for latent cell lines.
Furthermore, although the MHV68 miRNAs were completely dis-
pensable for acute replication, they altered the establishment of
latency in specific B cell subsets. Finally, a lack of miRNA expres-
sion resulted in the complete attenuation of lethal disease in a
virus-induced pneumonia model, demonstrating a key role for the
viral miRNAs in gammaherpesvirus pathogenesis.

RESULTS

MHV68 miRNA and TMER nomenclature. Several previous re-
ports identified mature virus-encoded miRNAs (see Table SI in
the supplemental material) expressed in cells infected with
MHV68 in vitro (11, 37, 38, 41, 43). Because these studies were
published independently, several identical or overlapping se-
quences have been assigned different names by each research
group. Some but not all of these sequences have been reported in
the online microRNA  database miRBase  (http://
www.mirbase.org/) (44). Additionally, in some cases, there re-
mains ambiguity about whether the biologically relevant miRNA
corresponds to (i) the annotated sequence itself, (ii) a sequence
that is shifted by 1 to 4 nucleotides, or (iii) the miRNA(*) sequence
on the opposing strand. For example, sequences corresponding to
the stem-loop strand opposing the previously annotated mghv-
miR-M1-2 have been detected more frequently than sequences for
the annotated miR-M1-2 itself (37, 38). To consolidate and clarify
the annotation of MHV68-encoded miRNAs we, along with
Diebel et al. (K. W. Diebel, L. M. Oko, E. M. Medina, C. J. Warren,
B. F. Niemeyer, D. J. Claypool, S. A. Tibbetts, C. D. Cool, E. T.
Clambey, L. F. van Dyk, submitted for publication), propose an
updated nomenclature system (Fig. 1; also, see Table S1 in the
supplemental material). This system retains the current associa-
tion of miRbase numbering with in silico-predicted pre-miRNA
stem-loops but assigns miRNA names based on stem-loop strands
rather than specific confirmed miRNA sequences. For example,
the current miRBase entry “mghv-miR-M1-1,” which is located
on the 3p strand of the first stem-loop downstream of vtRNA1
(Fig. 1), would instead be named “mghv-miR-M1-1-3p.” Thus, in
this nomenclature system, (i) “TMER1” refers to the entire
vtRNA-linked transcript (vtRNA1-pre-miR-1-pre-miR-10); (ii)
“mghv-miR-M1-1” refers to the entire upstream stem-loop,
which encodes the potential miRNAs miR-M1-1-5p and miR-
M1-1-3p; and (iii) “mghv-miR-M1-10” refers to the entire down-
stream stem-loop, which encodes the potential miRNAs miR-M1-
10-5p and miR-M1-10-3p. For the purpose of clarity, the new
nomenclature system is used in this article.

Expression of MHV68-encoded miRNAs is dependent upon
cell type and state of infection. As described above, previous stud-
ies of miRNA expression utilized small-RNA cloning and deep-
sequencing techniques to identify MHV68-encoded miRNAs in
Iytically infected fibroblasts and latently infected or reactivated
S11 B cells. To further refine our understanding of MHV68
miRNA expression, including the kinetics and relative levels of
expression during various phases of infection, we performed
quantitative TagMan PCR using stem-loop RT primers and probe
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FIG 1 Proposed MHV68-encoded miRNA and TMER nomenclature. The diagram depicts approximately 6 kb of the 5" end of the MHV68 genome, which
includes eight tRNA-miRNA-encoding RNA (TMER) genes and two unique M genes. Each TMER (gray rectangle) is composed of a tRNA-like gene (red triangle)
linked to one or two pre-miRNA stem-loops (light and dark blue rectangles). Proposed naming of all putative MHV68 miRNAs, which incorporates current
miRBase number designations, is indicated. (Inset) Mfold in silico prediction of TMERI structure and corresponding miRNA locations.

sets (see Table S2 in the supplemental material) designed to detect
17 confirmed or putative mature MHV68 miRNAs. As detailed in
Table S1 in the supplemental material, these sequences included
the previously confirmed miRNA sequences: mghv-miR-M1-
1-3p and mghv-miR-M1-10-5p (TMER1), mghv-miR-M1-3-3p
(TMER2), mghv-miR-M1-4-5p (TMER3), mghv-miR-M1-5-5p,
mghv-miR-M1-6-3p (TMER4), mghv-miR-M1-7-5p and mghv-
miR-M1-7-3p (TMER5), mghv-miR-M1-13-5p (TMER®6),
mghv-miR-M1-14-3p (TMER?7), and mghv-miR-M1-15-5p and
mghv-miR-M1-9-3p (TMERS). Sequences of several putative
miRNAs were also included in the study: mghv-miR-M1-2-5p
(TMER2), mghv-miR-M1-8-5p, mghv-miR-M1-8-3p and mghv-
miR-M1-13-3p (TMERG6), and mghv-miR-M1-15-3p (TMERS).
To provide a framework for examining the presence of
MHV68 miRNAs during latent infection in vivo, we first con-
firmed miRNA expression in cells lytically or latently infected in
vitro. For assessment of expression during acute replication, NIH
3T12 fibroblasts were infected with wild-type MHV68 at a multi-
plicity of infection (MOI) of 5, and cells were harvested at 0, 6, 16,
24, and 48 h postinfection (hpi). RNA was then subjected to stem-
loop qRT-PCR. To control for experimental variability, primers
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and probe sets specific for cellular small nucleolar RNA (snoRNA)
234 or snoRNA202 (see Table S2 in the supplemental material)
were included in all experiments, as these small noncoding RNAs
are generally stable during MHV68 infection (see Fig. S1). A stan-
dard curve using synthetic mghv-miR-M1-2-5p (miRIDIAN) (see
Fig. S2) was also used to determine the approximate copy number
per cell of each miRNA. Results from these experiments, expressed
as values relative to those for snoRNA234 (Fig. 2A) or as relative
numbers of copies per cell (Fig. 2B), demonstrated time-
dependent and differential expression of MHV68 miRNAs. Dur-
ing the entire time course, 7 of the 17 mature miRNAs were in-
duced to high levels, including 5 that were expressed at >1,000
copies per infected cell. In general terms, expression of the 7
highest-level miRNAs was detectable in two waves within the 48 h,
with peak expression for 5 miRNAs (mghv-miR-M1-2-5p, mghv-
miR-M1-3-3p, mghv-miR-M1-8-5p, mghv-miR-M1-13-5p, and
mghv-miR-M1-15-5p) occurring at 16 or 24 hpi (Fig. 2C) and
peak expression of the other 2 (mghv-miR-M1-5-5p and mghv-
miR-M1-15-3) at 48 hpi (Fig. 2D). Interestingly, the prospective
miRNAs mghv-miR-M1-15-3p, mghv-miR-M1-2-5p, and mghv-
miR-M1-8-5p were detected above 1,000 copies/cell at 16 to
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FIG 2 Expression kinetics of MHV68-encoded miRNAs during lytic infection. Stem-loop qRT-PCR was used to determine the level of expression of
MHV68-encoded mature miRNAs during lytic replication. NIH 3T12 fibroblasts were infected with MHV68 at MOI 5 and then harvested at the indicated time
points. Stem-loop qRT-PCR was performed using TagMan primers and probe sets (see Table S2 in the supplemental material). (A) Expression time course for
all tested viral miRNAs relative (102) to the endogenous noncoding RNA control snoRNA234. (B) Time course for all tested viral miRNAs expressed as
approximate miRNA copy number per cell, based on the synthetic miR-2-5p standard curve. (C) Viral miRNAs that peak between 16 and 48 hpi, expressed as
miRNA copy number per cell. (D) Viral miRNAs that peak at 48 hpi. (E) Viral miRNAs with consistent low-level expression throughout the time course, depicted
on an enhanced scale. All data are means = standard deviations (SD) from 3 experiments.

24 hpi or after 48 h, strongly suggesting that these represent legit-
imate mature miRNAs. The 10 other miRNAs tested were ex-
pressed at levels below 150 copies/cell (Fig. 2E). Although some of
these miRNAs appeared to be slightly induced during infection,
only mghv-miR-M1-7-5p was detected above 50 copies per cell.
Together these data demonstrated that the expression of both pre-
viously annotated and prospective MHV68 miRNAs varied widely
and could be subdivided into at least 3 kinetic classes. Because
these miRNAs utilize similar polymerase III promoter sequences,
these results strongly suggest that additional posttranscriptional
mechanisms regulate MHV68 miRNA expression, such as pro-
cessing efficiency and/or stability.

To determine whether the profile of MHV68 miRNA expres-
sion differed during latency compared to lytic replication, we per-
formed identical stem-loop qRT-PCR assays using two latently
infected B cell lines (Fig. 3A): S11, a naturally infected B cell line
subcultured from BALB/c splenic lymphoma (45), and HE2.1, a
line that was generated by antibiotic selection of A20 murine B
cells infected with a recombinant MHV68 carrying a hygromycin
resistance cassette (46). To obtain steady-state expression levels
during latency, S11 and HE2.1 cells were lysed during stable
growth in vitro. Although several of the miRNAs expressed during

4 mBio mbio.asm.org

lytic replication in fibroblasts were also detected in latently in-
fected B cells, the overall miRNA expression profiles differed.
Most notably, one of the two miRNAs most abundantly expressed
during lytic replication, mghv-miR-M1-15-3p, was nearly unde-
tectable in S11 and HE2.1 B cells. In contrast, mghv-miR-M1-
1-3p was expressed in both latently infected cell lines but was not
readily detected in lytically infected fibroblasts. In contrast to
these clear differences, at least two MHV68-encoded miRNAs,
mghv-miR-M1-2-5p and mghv-miR-M1-5-5p, were expressed at
high levels during both lytic replication and latency. In general
terms, viral miRNA expression was significantly lower in latently
infected cell lines than in lytically infected cells; for example, at
peak levels in NTH 3T12 cells, the expression of mghv-miR-M1-
5-5p was 700-fold and 189-fold higher than expression in S11 and
HE2.1 cells, respectively. Although S11 and HE2.1 B cells dis-
played similar profiles of viral miRNAs expressed, the level of ex-
pression was higher in HE2.1 than S11 cells (e.g., mghv-miR-M1-
2-5p, -3-3p, and -5-5p levels were, respectively, 8.4-fold, 5.3-fold,
and 3.8-fold higher in HE2.1 cells). In addition, mghv-miR-M1-
8-5p and mghv-miR-M1-9-3p were detectable in HE2.1 cells but
not S11 cells, indicating that MHV68-encoded miRNA expression
is at least partially cell line dependent.
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FIG 3 Expression of MHV68-encoded miRNAs during latent infection. Stem-loop qRT-PCR was used to determine the level of expression of MHV68-encoded
mature miRNAs during latent infection in vitro and in vivo. (A) miRNA expression from S11 and HE2.1 B cell lines with stable latent MHV68. Following cell
harvest and lysis, stem-loop qQRT-PCR was performed using TagMan primers and probe-sets (see Table S2 in the supplemental material). Displayed values are
relative (10*) to endogenous snoRNA202 expression. Values are means = SD from 3 experiments. (B) miRNA expression from splenocytes latently infected in
vivo. For each experiment, four C57BL6/] mice were infected i.n. with 10* PEU MHV68. At 16 days, splenocytes were harvested and pooled, lysed, and subjected
to stem-loop qRT-PCR. Values are relative (10*) to endogenous snoRNA202 expression and are means * SD from 2 experiments.

In order to define whether the profile of MHV68-encoded
miRNAs expressed during latent infection in vivo was similar to
that observed in latently infected B cell lines, we performed stem-
loop qRT-PCR assays on splenocytes harvested from mice latently
infected with MHV68 (Fig. 3B). For these experiments, wild-type
C57BL/6] (B6) mice were inoculated intranasally (in.) with
10* PFU MHV68, and splenocytes were harvested at 16 days post-
inoculation, a time point at which acute replication is no longer
detectable and latent infection is maximal (1 infected cell per 100
to 200 splenocytes) (47, 48). Interestingly, the in vivo viral miRNA
expression profile differed both qualitatively and quantitatively
from the profiles of S11 and HE2.1 B cell lines. For example, while
the expression of mghv-miR-M1-3-3p and mghv-miR-M1-8-5p
was observed in both lytically and latently infected cell lines, nei-
ther miRNA was detected in in vivo samples. Conversely, mghv-
miR-M1-6-3p and mghv-miR-M1-15-5p were detected at high
levels in splenocytes from infected mice but were nearly undetect-
able in cell lines. In fact, the miRNA encoded on the opposing
strand, mghv-miR-M1-15-3p, was one of the two most highly
expressed miRNAs in lytically infected cells. Thus, splenocytes at
16 dpi displayed a miRNA expression profile distinct from that of
cells infected in vitro. Together, these results demonstrate that the
expression of MHV68 miRNAs is tightly regulated and is likely
dependent upon both the phase of virus life cycle and the cell type
infected.

Generation of an MHV68 mutant virus deficient in miRNA
expression. To determine the role of the virus-encoded miRNAs
in MHV68 replication, latency, and pathogenesis, we generated a
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recombinant virus carrying 13 separate mutations that deleted or
blocked expression of all 14 pre-miRNA stem-loops (Fig. 4A; also,
see Table S1 in the supplemental material). The miRNA mutant
virus, MHV68.Zt6, was generated by two-step lambda Red-
mediated recombination (49) using three separate molecular con-
structs. To facilitate the detection of virus-infected cells in vivo,
MHV68.Zt6  was created on the backbone of the
MHV68.0RF73la marker virus, which we described previously
(47, 50). For miRNAs encoded by TMER1 to TMERS5, TMER?7,
and TMERS, pre-miRNA stem-loop sequences were conserva-
tively deleted, leaving intact the tRNA promoter, vtRNA se-
quence, and tRNA stop sequence and all intervening vtRNA-to-
pre-miRNA and pre-miRNA-to-pre-miRNA sequences. For all
mutations, the modified TMER sequences were analyzed in silico
using the mfold RNA folding tool (51) to ensure that the predicted
vtRNA structure was not affected. Because the mghv-miR-M1-13
and mghv-miR-M1-8 stem-loops (encoded by TMER®6) are lo-
cated within the 3" UTR of the important MHV68 latency gene
M2 (52, 53), we opted to insert a polymerase III (PollIIl) stop
sequence upstream of the pre-miRNAs as an alternative to delet-
ing the sequences. A string of six deoxythymidine (T) nucleotides
was inserted after vtRNAG6 (Fig. 4A; also, see Table S1 in the sup-
plemental material). Following cloning and recombination, the
resulting mutant virus bacterial artificial chromosome (BAC)
clones were carefully screened using pulsed-field gel electropho-
resis (PFGE) and Sanger sequencing of the mutated region. A
single clone was then selected for whole-genome high-throughput
sequencing (see Fig. S3 in the supplemental material). Impor-
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FIG 4 miRNA mutations incorporated in MHV68.Zt6 and corresponding expression of miRNAs and surrounding genes. (A) Depiction of MHV68.Zt6
mutations, including deletion of TMERI to TMERS5, TMER7, and TMER8 miRNA stem-loops (red X) and insertion of the PollII stop site (red line) following
vtRNAG6 in TMERG. (B) Expression of viral miRNAs from wild-type MHV68 marker virus or MHV68.Zt6, relative (102) to the endogenous noncoding RNA
control snoRNA202. NIH 3T12 fibroblasts were infected with MHV68.ORF73Bla or MHV68.Zt6 at an MOI of 5 and then harvested at 48 hpi. Stem-loop
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tantly, the MHV68.Zt6 genome carried all of the anticipated mu-
tations but did not harbor any unintended secondary mutations
and was otherwise identical to the parental MHV68.ORF73pla
genome.

To confirm whether the MHV68.Zt6 mutations eliminated
miRNA expression, we infected NIH 3T12 fibroblasts with
MHV68 or MHV68.Zt6 and performed stem-loop qRT-PCR on
samples harvested at 48 h (Fig. 4B). As expected, miRNAs encoded
by TMER1 to TMERS5, TMER7, and TMERS8 were not detected.
While the expression of mghv-miR-M1-13-5p and mghv-miR-
M1-8-5p in cells infected with MHV68.Zt6 was reduced 82%
compared to that in cells infected with wild-type MHV68, both
mature miRNAs were still detectable at levels above background
(Fig. 4B; also, see Fig. S4 in the supplemental material), indicating
that insertion of the PolllI stop sequence downstream of vtRNA6
significantly reduced but did not completely eliminate the expres-
sion of TMER6-encoded miRNAs. Notably, none of the TMER
mutations resulted in loss of vtRNA stability, as all eight vtRNAs
were readily detected in infected cells (data not shown).
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Because the miRNA mutations in MHV68.Zt6 were inserted in
the genomic region proximal to the protein-coding genes M1, M2,
and M3, we verified the expression of these genes using qRT-PCR
(Fig. 4C). NIH 3T12 fibroblasts were infected with
MHV68.0RF73Bla or MHV68.Zt6, and qRT-PCR was performed
on samples harvested at 24 h. MHV68.Zt6-infected cells expressed
M1, M2, and M3 at levels nearly equivalent to those in wild-type
MHV68-infected cells, demonstrating that insertion of the 13
miRNA mutations had no significant effect on expression of sur-
rounding protein-coding genes.

MHV68 miRNAs are dispensable for lytic virus replication.
To determine whether the MHV68-encoded miRNAs played a
role in lytic replication, we quantified replication of the total
miRNA  mutant virus versus the parental wild-type
MHV68.0RF73la virus in both in vitro and in vivo assays. For in
vitro single-step and multistep growth curves, NIH 3T12 fibro-
blasts were infected with each virus at MOI of 5 and 0.5, respec-
tively. Samples were harvested at intervals from 0 to 48 h for
single-step curves and 0 to 120 h for multistep curves, and virus
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FIG 5 MHV68 miRNAs are dispensable for lytic replication. Plaque assays were used to determine the titer of wild-type or miRNA deletion mutant viruses
during acute replication in vitro and in vivo. (A) Lytic replication in fibroblasts in vitro. Single-step and multistep growth curves were generated following
infection of NIH 3T12 fibroblasts with MHV68.0ORF73Bla or MHV68.Zt6 at an MOI of 5 or 0.05, respectively. At the specified time points, cells and supernatant
fluid were collected, and titers were determined by plaque assay. Data are means = SD of 3 experiments. (B) Lytic replication in lungs in vivo. C57BL6/] mice were
infected i.n. with 10* PFU MHV68.0RF73Bla or MHV68.Zt6. At 5 or 8 dpi, lungs were harvested and viral titers were determined by plaque assay. Lines represent
the mean titers for eight individual mice. For all experiments, statistical significance was determined by Student’s ¢ test. *, P < 0.05; **, P < 0.01.

titers were determined by plaque assay (Fig. 5A). Although in
single-step growth curves MHV68.Zt6 appeared to replicate at
slightly lower levels than wild-type virus at late time points, repli-
cation of the mutant virus was identical to that of wild-type virus
in multistep growth curves, indicating that any defect in
MHV68.Zt6 growth is minimal. To determine whether lytic rep-
lication of the mutant virus was compromised in vivo, we infected
wild-type B6 mice in. with 10* PFU MHV68.0RF73Bla or
MHV68.Zt6 and then performed plaque assays on lungs harvested
at 5 and 8 days postinoculation (Fig. 5B). Surprisingly,
MHV68.Z1t6 replicated to slightly higher titers than wild-type vi-
rus at 5 dpi; however, this difference disappeared by 8 dpi, indi-
cating that any replication differences are relatively minor. Thus,
together these results demonstrate that the MHV68-encoded
miRNAs are dispensable for lytic virus replication in the lung.
Virus-encoded miRNAs modulate MHV68 latency and reac-
tivation. To determine the role of MHV68-encoded miRNAs in
chronic infection, we performed a series of in vivo assays to eval-
uate the ability of MHV68.Zt6 to establish and reactivate from
latency. Wild-type B6 mice were infected in. with 104 PFU
(Fig. 6A) or 100 PFU (Fig. 6B) of wild-type virus (parental
MHV68.0RF73la) or total miRNA mutant virus (MHV68.Zt6).
Sixteen (10* PFU) or nineteen (100 PFU) days later, after the
clearance of acute replication, spleens were harvested and pooled
from four mice per sample group (per experiment, n = 7 for
10,000 PFU and n = 4 for 100 PFU). For each experiment, pooled
single-cell splenocyte suspensions were subjected to parallel assays
to detect the presence of viral genome, the presence of preformed
infectious virus, and the ability of infected cells to spontaneously
reactivate from latency. Limiting-dilution nested-PCR assays (47,
54), which can detect a single copy of viral genome in a back-
ground of 10,000 uninfected cells, were used to determine the
frequency of splenocytes that harbored viral genome (Fig. 6A,
left). Consistent with our previous results (47), infection with
wild-type MHV68.0ORF73pla virus resulted in the establishment
of infection in approximately 1 in 260 splenocytes. In contrast,
mutation of the virus-encoded miRNAs resulted in a 2.3-fold re-
duction, to a frequency of 1 in 600. Although this represented a
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relatively small change from wild-type virus infection, these re-
sults were statistically significant and highly reproducible over 7
independent experiments. Furthermore, a similar reproducible
reduction in MHV68.Zt6 infection was observed following
100 PFU inoculations (Fig. 6B, left).

To determine whether MHV68.Zt6-infected cells exhibited an
altered ability to reactivate from latency, parallel splenocyte sam-
ples were plated in limiting dilutions on mouse embryonic fibro-
blast (MEF) monolayers. Spontaneous ex vivo reactivation events
were determined by observation of cytopathic effect (CPE) on
MEF monolayers. Surprisingly, despite the reduction in cells in-
fected with MHV68.716, the frequency of reactivation was nearly
identical to that of wild-type virus when both were administered
at 104 PFU (Fig. 6A, middle) (1 in 23,000 for MHV68.0ORF73la; 1
in 27,500 for MHV68.Zt6). In contrast, though, when both viruses
were given at 100 PFU (Fig. 6B, middle), reactivation of
MHV68.Zt6-infected cells (1 in 100,500) was reduced 4.4-fold
compared to that of cells infected with wild-type virus (1 in
23,000). To ensure that infected cells were not undergoing lytic
replication at the time of harvest, parallel splenocyte samples were
mechanically disrupted, which destroys cells but does not damage
virus particles (48), and then plated in limiting dilution on fibro-
blast monolayers (Fig. 6, right panels). As expected, CPE on MEF
monolayers was not reproducibly observed in samples from any
infection group, indicating that infected splenocytes lacked pre-
formed infectious virus and confirming that these cells were la-
tently infected. Together, these results demonstrate that the
MHV68-encoded miRNAs modulate processes involved in the
normal establishment of virus latency and reactivation and that
their effects may be in part dose dependent, as has been observed
for the critical latency gene M2 (52).

MHYV68-encoded miRNAs modulate infection of germinal-
center and memory B cells. MHV68 infects multiple mature B cell
subsets, including naive, germinal-center, and memory B cells. To
determine whether the splenic latency attenuation observed in
viral genome PCR assays was due to reduced infection of one or
more specific B cell subsets, we performed multiparametric flow
cytometric analyses of cells expressing the virus-encoded beta-
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FIG 6 MHV68 miRNAs modulate latency and reactivation in vivo. Parameters of wild-type and miRNA mutant virus latency and reactivation were assessed 16
to 19 dpi. For each experiment, four C57BL6/] mice were infected i.n. with MHV68.ORF73Bla or MHV68.Zt6 at (A) 10* PFU (n = 7 experiments) or (B) 100 PFU
(n = 4 experiments). Sixteen (10* PFU) or nineteen (100 PFU) days later, splenocytes from each mouse were harvested, pooled within groups, and then subjected
to limiting dilution assays to detect the presence of viral genome, ex vivo reactivation from latency, or the presence of preformed infectious virus. For viral genome
assays, splenocytes were serially diluted 3-fold in a background of uninfected cells, plated at 12 reactions per cell dilution, lysed, and then subjected to nested PCR
specific for MHV68 ORF72. This assay is specific for a single copy of viral genome in a background of 10,000 uninfected cells. The frequency of cells harboring
viral DNA was determined using a Poisson distribution, indicated by the line at 63.2%. For reactivation assays, splenocytes were serially diluted 2-fold and then
plated at 24 wells per cell dilution over a monolayer of mouse embryonic fibroblasts (MEFs). After 3 weeks, monolayers were assessed for cytopathic effect (CPE)
following spontaneous reactivation from latency. To detect preformed infectious virus, parallel cell samples were mechanically disrupted prior to plating on MEF
monolayers. The frequencies of splenocytes reactivating from latency or carrying preformed virus was determined using a Poisson distribution, as indicated by

the line at 63.2% (n = 3 experiments).

lactamase marker. The miRNA mutant virus MHV68.Zt6 and its
parental wild-type counterpart MHV68.ORF73la incorporate a
modified beta-lactamase as a C-terminal fusion to the latency-
associated nuclear antigen (mLANA) (47). mLANA is critical for
the maintenance of the viral episome during latency and is there-
fore expressed in alarge fraction of latently infected B cells, includ-
ing developing, naive, germinal-center, and memory B cells (47,
50). Virus-infected cells expressing mLANA-B-lactamase
(mLANA-Blac) fusion protein are detectable following staining
with CCF4/AM (Life Technologies), a fluorogenic beta-lactamase
substrate whose emission wavelength is altered when cleaved. For
experiments described here, four B6 mice per sample group per
experiment were infected with 10* or 100 PFU of virus, and then
splenocytes were harvested at 16 or 19 days, respectively. To detect
infected B cell subsets, splenocytes from each sample group were
pooled and then stained with CCF4/AM and a combination of
antibodies directed toward appropriate B cell surface markers,
including CD19, IgM, and CD38 or PNA (peanut agglutinin). In
all experiments, 0.096 to 0.295% of the cells were positive for
mLANA-Blac (Fig. 7A and data not shown). In most experiments,
gated mLANA-Blac™ cells were identified as naive B cells (CD19*
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IgM™*), germinal-center B cells (CD19% IgM~ CD38~/l° or
CD19" IgM~ PNAM) or memory B cells (CD19* IgM ™~ CD38" or
CD19" IgM ™ PNA /), as previously described (7, 47, 55, 56).

Interestingly, regardless of infectious dose, the miRNA mutant
virus MHV68.Zt6 consistently displayed an altered distribution of
infected B cells (Fig. 7B and C), with an overall increase in infected
naive and/or germinal-center B cells and a partially compensatory
reduction in memory B cells. For example, in mice inoculated
with 10* PFU MHV68.Zt6, the fraction of mLANA-Blac™ cells
that were naive B cells increased by 13.0% (from 62.7 to 70.9), and
the fraction that were germinal-center B cells increased by 45.8%
(from 10.8 to 15.8). In contrast, the fraction that were memory B
cells decreased by 48.8% (from 12.3 to 6.3). Similarly, following
100-PFU inoculation, naive B cells increased by 20.9%, while
memory B cells decreased by 22.8%. The recovery of germinal-
center B cells from this low-dose inoculation was inconsistent and
not statistically significant in either direction. Cumulatively, these
results demonstrate that the virus-encoded miRNAs alter the dis-
tribution of B cells infected with MHV68 and may play a particu-
larly important role in facilitating the entry of infected B cells into
the memory B cell reservoir.
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FIG 7 MHV68 miRNAs contribute to efficient infection of memory B cells in vivo. Flow-cytometric detection of B-lactamase activity and cell surface marker
costaining were used to determine the phenotype of B cells infected in vivo. Three C57BL6/] mice per sample group per experiment were infected i.n. with parental

wild-type MHV68.ORF73Bla, or miRNA mutant MHV68.Zt6. After 16 days,

splenocytes were harvested, pooled, and then stained with antibodies for CD19,

IgM, and CD38, in addition to the B-lactamase substrate CCF4/AM. Single-cell suspensions were then subjected to flow-cytometric analyses. (A) Schematic of
representative flow cytometry gating scheme to quantify the percentage of infected naive (CD19* IgM *), germinal-center (CD19+ IgM~ CD38!°) and memory
(CD19" IgM ~ CD38M) B cells. (B and C) Mice were infected i.n. with 10* (4 experiments) or 100 (5 experiments) PFU of parental wild-type MHV68.ORF73Bla
or the miRNA mutant MHV68.Zt6. Values are percentages of infected CD197 cells from each sample group displaying a naive, germinal-center, or memory B
cell surface marker phenotype. Statistical significance was determined using Student’s ¢ test. **, P < 0.01; ***, P < 0.005.

MHV68-encoded miRNAs are required for lethal viral pneu-
monia in IFN-y-deficient mice. Given the phenotype of
MHV68.Zt6 in latency and reactivation assays, we sought to fur-
ther scrutinize the role of MHV68-encoded miRNAs during gam-
maherpesvirus disease. Gamma interferon (IFN-vy) is an impor-
tant enhancer of host immunity that has been shown to play key
roles in the regulation of several viruses, including MHV68 (32,
57). For example, although IFN-+y-deficient mice clear acute
MHV68 replication normally, latently infected cells from these
mice display increased reactivation and persistent replication (58,
59). This loss of control of chronic infection correlates with a high
degree of susceptibility to vascular and pulmonary inflammatory
diseases, including large-vessel vasculitis (60), pulmonary fibrosis
(61), pulmonary B cell lymphoproliferative disease (62), pulmo-
nary lymphoma (62), and lethal, virus-associated pneumonia
(63).

To determine whether miRNAs encoded by MHV68 facilitate
virus-associated disease, we tested the miRNA deletion mutant
MHV68.Zt6 for the ability to induce pulmonary inflammation

May/June 2014 Volume 5 Issue 3 e00981-14

and pneumonia. For these experiments, 9 to 16 BALB/c.IFNy~/~
mice per group were inoculated i.n. with 4 X 10> PFU of MHV68,
MHV68.0RF73la, or MHV68.Zt6, and infection was allowed to
progress for up to 14 days. As expected, =75% of mice infected
with wild-type strains MHV68 (7 of 9) and MHV68.ORF73la (12
of 16) succumbed to lethal pneumonia within the 14-day time
course (Fig. 8). However, in stark contrast, 0 of 15 MHV68.Zt6-
infected mice died. This outcome correlated with the magnitude
of inflammatory pulmonary infiltrates, as wild-type-virus-
infected mice that succumbed to disease displayed >80% involve-
ment in lung tissue with a predominance of cellular infiltrates
(Fig. 9). In contrast, mice infected with the miRNA mutant virus
displayed only mild signs of interstitial and perivascular mononu-
clear infiltrates. Interestingly, the strong attenuation displayed by
MHV68.Zt6 parallels results previously noted for MHV68 cyclin
D and Bcl-2 ortholog mutant viruses (63)—mutants that, like
MHV68.Zt6, undergo normal acute replication but have a defect
in reactivation from latency. Thus, the data presented here dem-
onstrate that the MHV68-encoded miRNAs are required for the
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FIG 8 MHV68 miRNAs are essential for lethal pneumonia. Survival of IFN-
y-deficient mice from MHV68-associated lethal pneumonia during a 14-day
infection time course is shown. BALB/c.IFN-y~/~ mice were infected i.n. with
4 X 10> PFU of MHV68, MHV68.0RF73pla, or MHV68.Zt6 and monitored
daily for signs of disease. Data are the percentage of mice surviving infection at
each time. Parenthetical values are the numbers of mice surviving 14 dpi/
number of mice tested.

development of virus-induced pulmonary inflammation and le-
thal pneumonia and further substantiate the link between viral
genes that facilitate control of latency and reactivation and those
that cause disease in mice deficient in IFN-vy function.

DISCUSSION

Following the seminal report by Pfeffer and colleagues identifying
EBV-encoded miRNAs (10), the study of viral miRNAs has ex-
panded remarkably, particularly in the herpesvirus field. Ad-
vances in high-throughput sequencing and CLIP technology,
along with the development of computational algorithms for
miRNA target predictions, have led to the identification of numer-
ous herpesvirus miRNA targets (14, 16). However, to date, few
studies have examined the functions of these miRNAs in natural
host-virus infection systems. Here, we present evidence of the ex-
pression and in vivo roles of gammaherpesvirus miRNAs in the

context of natural infection. Utilizing a recombinant virus that
exhibits eliminated or reduced expression of miRNAs from all 14
known pre-miRNA stem-loops, we demonstrate that while the
MHV68-encoded miRNAs are largely dispensable for acute repli-
cation, the total miRNA mutant virus is partially attenuated for
latency and reactivation in vivo. Examining specific B cell subsets
that harbor the mutant virus revealed a specific loss of infection in
the memory B cell compartment. Interestingly, this reduction cor-
related with a reciprocal increase in infection of naive follicular
and germinal-center B cells, perhaps reflecting a block in the dif-
ferentiation of infected cells into the memory compartment. Most
notably, virus-encoded miRNAs were essential for lethal pneumo-
nia. Together, these findings reveal a role for virus-encoded miR-
NAs in MHV68 latency and pathogenesis.

MHV68 miRNA expression. We have quantified the expres-
sion of a defined set of previously confirmed and predicted mature
miRNAs. Using a stem-loop PCR approach, we demonstrated that
the pattern of MHV68-encoded miRNA expression is dependent
on both the stage of infection and the cell type infected. For exam-
ple, although 5 of the 6 miRNAs detected at high levels during Iytic
fibroblast infection were also observed in at least one latent-
infection cell type (S11 B cells, HE2.1 B cells, or splenocytes),
mghv-miR-M1-15-3p was detected at appreciable levels only dur-
ing lytic replication. In contrast, mghv-miR-M1-6-3p and mghv-
miR-M1-15-5p were detected only in latently infected cells har-
vested from in vivo samples. While miRNA expression was highly
reproducible among biological replicates, and at least one
miRNA—mghv-miR-M1-5-5p—was consistently detected at
higher levels than others across different cell types and conditions,
the findings presented here demonstrate the significant variability
in expression of MHV68-encoded miRNAs among experimental
conditions. Additionally, these data make it clear that cell lines are
not necessarily valid models with which to identify miRNAs that
are expressed under biologically relevant conditions in vivo.

The disparate miRNA expression profiles among cell types
tested here likely reflect several variables. Because the transcrip-
tion of the eight MHV68 TMERs is driven by similar PollII pro-
moters, the detection of various levels of mature miRNAs likely

FIG9 MHV68.Zt6 displays reduced lung inflammation in IFN-y~/~ mice. Hematoxylin and eosin (H&E) stains of lung sections from infected mice are shown.
Following harvest, lungs from infected mice were fixed, embedded in paraffin, sectioned, and stained with H&E. (Top) Magnification, X10. (Bottom) Higher

(X40) magnifications of boxed portions in top row.
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involves differential processing of the TMER primary RNA (pri-
miRNA) transcripts and/or pre-miRNA stem-loops. This conclu-
sion would be consistent with the existence of additional regula-
tory pathways for controlling cell type-specific maturation of viral
and host miRNAs (64, 65). In support of this, in many cases,
mature miRNAs from the same TMER transcript were detected at
dissimilar levels in parallel samples. Cell-specific differences in the
presence of individual mature miRNAs also likely reflect the par-
ticular transcriptome, as the stability of individual mature miR-
NAs is strongly influenced by the presence of cognate target tran-
scripts and subsequent protection by RISC Argonaute proteins
(66, 67). Finally, it is important to note that stem-loop primers are
highly sensitive to sequence specificity and are unable to efficiently
prime cDNA synthesis from alternate mature miRNA sequences.
Thus, the TagMan assays utilized here do not detect all alternate
miRNA isoforms that may be present in some cell types at a higher
abundance than the published sequence (68).

MHV68 miRNAs are dispensable for acute replication. We
found that the MHV68 miRNAs are largely dispensable for acute
replication in fibroblasts in vitro and in lungs in vivo. These find-
ings are in accordance with previous reports that demonstrated
that spontaneous MHV68 mutants missing the leftmost ~9.5 kb of
the genome (which includes TMERI through TMERS, M1, M2,
and M3) display normal acute replication (69, 70). The observa-
tion that mutation of the viral miRNAs has no phenotypic conse-
quence for acute replication is completely consistent with the ex-
pected subtle roles of miRNAs in regulating transcription,
particularly in the context of the high levels of lytic transcripts
(71). However, this conclusion does not imply that the MHV68-
encoded miRNAs play no role in regulating transcripts associated
with lytic replication; indeed, it is likely that at least some herpes-
virus miRNAs serve to regulate “leaky” lytic transcripts in cells in
which the virus operates a latency transcription program (13, 71).
Notably, though, an MHV68 mutant that is mutated in the PolIIl
promoters of all 8 TMERs, and thus lacks expression of both
vtRNAs and miRNAs, is slightly delayed in lytic replication
(Diebel et al., submitted). Thus, together these results may suggest
that the vtRNAs themselves play an unforeseen role in acute
MHV68 replication.

Are MHV68 miRNAs critical for transition to latency in the
memory B cell compartment? The biological mechanisms that
govern the in vivo establishment and maintenance of lifelong gam-
maherpesvirus latency remain incompletely understood. Work
from numerous laboratories studying EBV and MHV68 latency
has led to the widely accepted virus-driven B cell maturation
model, in which the virus infects naive B cells and, independent of
cognate B cell receptor antigen, guides their differentiation to
memory B cells (72). Results presented here clearly demonstrate a
role for the virus-encoded miRNAs in modulation of specific as-
pects of MHV68 latency. Mutation of MHV68 miRNAs resulted
in a minor but reproducible defect in the frequency of bulk
splenocytes that harbor the viral genome. This defect was not due
to effects on the important latency gene M2, since M2 expression
was normal in cells infected with the MHV68.Zt6 mutant and this
phenotype is substantially less pronounced than that previously
observed for M2 and left-end deletion mutants of MHV68 (52, 69,
70, 73). The effect of miRNA mutation on reactivation efficiency
in bulk splenocytes was generally unclear, as changes in reactiva-
tion were subtle and dependent upon dose. Interestingly, though,
in-depth flow-cytometric analyses revealed that miRNA mutation
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led to a decrease in memory B cell infection. This reduction was
accompanied by an accumulation of infected naive and germinal-
center B cells. This reciprocal relationship is reminiscent of the
accumulation of specific B cell subsets in genetically altered mice
that are blocked in defined B cell development stages (for example,
see reference 74), suggesting that the MHV68 miRNAs may con-
tribute to B cell maturation. This conclusion is consistent with
data obtained with KSHV demonstrating that miR-K12-11, a
miR-155 ortholog, induces both murine and human B cell expan-
sion in vivo during immune reconstitution (29, 30). Thus, while
the in vivo maturation of infected naive B cells to memory B cells
has not yet been directly demonstrated for MHV68, our results are
consistent with a role for the MHV68 miRNAs in virus-driven
maturation of B cells to the memory compartment. Alternatively,
this phenotype may result from a reduced ability of the mutant
virus to directly infect memory B cells.

MHV68 miRNAs are required for pathogenesis. At present it
is not known whether virus-encoded miRNAs play any role in the
pathogenesis of the various diseases associated with gammaher-
pesvirus infections. However, at least one alphaherpesvirus
miRNA, Marek’s disease virus mdv1-miR-M4, has been shown to
be essential for the induction of T cell lymphomas in poultry (75).
Consistent with a potential link for gammaherpesvirus-encoded
miRNAs in disease, KSHV, EBV, and MHV68 miRNAs are detect-
able at high levels in virus-infected lesions and/or circulation from
an array of lymphoproliferative disorders and tumors (42, 76-79),
suggesting that these noncoding RNAs may play key pathogenic
roles. Like the human viruses, MHV68 infection is associated with
a high penetrance of disease in the setting of immunodeficiency,
including lethal pneumonia, large-vessel vasculitis, lymphoprolif-
erative disease, and B cell lymphoma. As an initial means to assess
whether the MHV68 miRNAs contribute to pathogenesis, we
tested the miRNA mutant virus in an established model of
MHV68-induced pneumonia in which ~80% of virus-infected
mice die within 14 days (63). Surprisingly, while mutation of the
virus-encoded miRNAs had no effect on acute replication in the
lung and only subtle effects on latency and reactivation in spleno-
cytes, the absence of miRNA expression totally eliminated lethal
pneumonia, demonstrating that the MHV68 miRNAs are essen-
tial for disease. Interestingly, these findings are consistent with the
demonstration that a Marek’s disease virus mutant lacking mdv1-
miR-M4 displays normal acute replication and latency establish-
ment but is highly attenuated for tumorigenesis (75). Together,
these results may indicate that virus-encoded miRNAs are largely
dispensable for normal infection but are central determinants of
herpesvirus-associated disease.

The specific means by which the MHV68 miRNAs contribute
to disease in this system are unknown, in large part because the
biological mechanisms that lead to MHV68-associated pneumo-
nia are poorly understood. Previous work has demonstrated that
viruses that are highly attenuated in lethal pneumonia are defi-
cient in either acute replication or reactivation from latency (63).
However, MHV68.Zt6 demonstrated no defect in acute replica-
tion in lungs and a very subtle, dose-dependent defect in reactiva-
tion from latency in the spleen, suggesting that the MHV68
miRNAs mediate pathogenesis in this model by an alternative
means. For example, it is possible that the MHV68 miRNAs di-
rectly contribute to the inflammatory response that underlies the
development of disease. Such a finding would be consistent with
the ability of some host miRNAs present in tumor cells to induce
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prometastatic inflammatory responses (80). It is also conceivable
that the virus-encoded miRNAs facilitate reactivation from a la-
tency site not yet examined. MHV68 establishes latency in B cells
and macrophages in the peritoneum (81) and in developing B cells
in the bone marrow (50). Thus, it is possible that reactivation from
one of these reservoirs is attenuated in the absence of miRNAs,
although this would run counter to previous reports of
herpesvirus-encoded miRNAs that suppress herpesvirus reactiva-
tion (82-85). It is possible that the pathogenic role of the MHV68-
encoded miRNAs is opposed by the functions of IFN-+, such that
the true mechanistic basis of this pneumonia phenotype will only
be revealed by further detailed analyses of infection in parameters
in IFN-+y-deficient hosts. However, to date, we have observed only
minor differences in acute replication in these animals (data not
shown). Extensive work will be required to determine the viral
mechanisms that underpin this striking attenuation.

Summary. The work presented here demonstrates for the first
time an in vivo role for mammalian gammaherpesvirus miRNAs
in latency and pathogenesis in the context of natural infection.
Consistent with the anticipated limited molecular activity of these
noncoding RNAs, our findings indicate that in the context of a
normal course of infection, the MHV68 miRNAs likely serve as a
rheostat to modulate specific biological outcomes. Using a com-
binatorial MHV68 mutant that is lacking miRNA expression from
all 14 pre-miRNA stem-loops, we found that these miRNAs are
dispensable for acute replication but play a role in the establish-
ment of latency. Mutant virus infection was associated with a de-
crease in memory B cell infection and a reciprocal accumulation of
infected naive and/or germinal-center B cells, perhaps implicating
these miRNAs in virus-driven differentiation of infected B cells.
However, extensive additional work will be required to define the
specific mRNA targets of the biologically relevant miRNAs and to
determine whether they are indeed critical for the maturation of
infected B cells. Most notable from the work presented here, alack
of miRNA expression was associated with complete attenuation of
lethal disease in a model of virus-induced pneumonia, indicating
a central role for the MHV68 miRNAs in pathogenesis. Future
work will be required to define which specific miRNAs mediate
this key contribution and the precise role that they play in the
genesis of disease.

MATERIALS AND METHODS

Cell lines and viruses. NIH 3T12 murine fibroblasts (ATCC CCL-164)
and murine embryonic fibroblasts (MEFs) from C57BL/6] mice (Global
Stem GSC-6002) were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal calf serum, 100 U/ml of
penicillin, 100 mg/ml streptomycin, and 2 mM r-glutamine. HE2.1 and
S11 cells were maintained in complete RPMI 1640 medium supplemented
with 10% fetal calf serum, 100 U/ml penicillin, 100 mg/ml streptomycin,
2 mM r-glutamine, and 50 mM 2-mercaptoethanol. HE2.1 cells were cul-
tured under 300-pg/ml hygromycin selection, as previously described
(46). Parental viruses include BAC-derived wild-type MHV68 (86) and
the wild-type MHV68.ORF73pla (47), a recombinant marker virus that
was created on the BAC-derived wild-type MHV68 backbone. All virus
stocks were propagated on NIH 3T12 fibroblasts.

Generation of MHV68.ZT6 MHV68.Zt6 was generated in three stages
using two-step Red-mediated recombination (49) onto the wild-type
MHV68.0RF73la (47) BAC backbone. First, a PollIl termination se-
quence (TTTTTT) was inserted in TMER6 at nucleotide 3749
(NC_001826.2), immediately downstream of vtRNA6 and upstream of
the pre-miRNA stem loops. PAGE-purified primers homologous to se-
quence upstream and downstream of the TTTTTT insertion were used to
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amplify the I-Sce site and kanamycin resistance gene from the Kan plas-
mid template. The resulting amplicon was purified and electroporated
into GST1783 Escherichia coli cells containing the MHV68.ORF73Bla
BAC and Red recombinase machinery. Transformed cells were grown at
30°C overnight on Kan selection, and DNA from the resulting colonies
was isolated and digested with Xhol to screen for the insertion. Clones
were further analyzed by pulsed-field gel electrophoresis to confirm
genomic integrity. In positive clones, I-Sce was induced by incubation for
2 hiin 1% arabinose to induce the second recombination. Resulting colo-
nies were screened by PCR and PFGE. In the second stage, stem-loop
deletions in TMER1, TMER2, TMER3, TMER4, and TMERS5 were gener-
ated and introduced into the TMERG.stop mutant BAC. Individual TMER
stem-loop miRNA mutants were cloned into pSP73 using a GeneArt
seamless cloning kit (Life Technologies) and confirmed by sequencing.
Following Nhel digest, the TMERI-TMERS fragment was electroporated
into E. coli GST1783 containing the TMERG6.stop mutant and recombined
as described above. In the final stage, individual TMER7 and TMERS8
stem-loop deletions were generated and cloned into pSP73 and then con-
firmed by sequencing. The TMER7-TMERS fragment was then amplified
by PCR and electroporated into E. coli GST173 containing the
MHV68.tRNAI-tRNA5.tRNA6.stop mutant BAC. Following two-step
recombination, positive clones were identified by restriction digestion
and PFGE and then sequenced to confirm sequence of the mutated region.
BAC DNA from the positive clone MHV68.Zt6 was isolated with a Qiagen
large-construct kit and transfected into NIH 3T12 cells using a TransIT-
3T3 transfection kit (MirusBio). The resulting virus was used to infect
NIH 3T12 cells expressing Cre recombinase at an MOI of 0.05 to remove
the BAC cassette. Titers of final viral stocks were determined by plaque
assay on NTH 3T12 cells. Following generation of virus stocks, viral DNA
was purified and sequenced on an I[llumina GAIIx genome analyzer. The
assembled sequence contig contained all anticipated mutations but oth-
erwise displayed no other sequence deviations from the parental wild-type
BAC-derived virus.

Mice and infections Female C57BL6/] mice were purchased from
Jackson Laboratory (Bar Harbor, ME) at 7 to 8 weeks and were housed in
a biosafety level 2+ (BSL2+) facility at the University of Florida, Gaines-
ville, FL, in accordance with all federal guidelines and as approved by
University of Florida Institutional Animal Care & Use Committee. For all
C57BL6/] infections, mice were anesthetized with isoflurane and then
inoculated intranasally (i.n.) with 100 or 10* PFU virus in 30 ul serum-
free DMEM. Groups of four mice per time point, per experiment, were
used for all studies. IFN-y~/~ mice on a BALB/c background [strain
C.129S7(B6)!retm1Ts/); Jackson Laboratory] were bred and housed at the
University of Colorado School of Medicine, Aurora, CO, in accordance
with all federal and university guidelines. BALB/c.IFNy~/~ mice
=8 weeks of age were infected i.n. with 4 X 10° PFU of virus.

RNA isolation and stem-loop qRT-PCR. For all stem-loop qRT-PCR
assays, 2 X 10° NIH 3T12 fibroblasts, S11 B cells, HE2.1 B cells, or spleno-
cytes from infected mice were lysed using a TagMan microRNA Cells-
to-C kit (Applied Biosystems). Following lysis, 5 ul of sample was added
to a reverse transcriptase (RT) reaction. RT reactions for individual ma-
ture miRNAs were carried out using the appropriate custom stem-loop
primer, as provided in the custom TagMan small-RNA assay. Stem-loop
primers were designed using mature MHV68 miRNA sequences detailed
on miRBase 19.0 (44) and in previous publications (37, 38). PCR was
performed using 1.33 ul of the RT reaction mixture with 17.67 ul of the
TagMan PCR master mix with no UNG and 1 ul of the corresponding
mature miRNA TagMan probe, according to manufacturer’s instruc-
tions. A copy number standard curve for mature mghv-M1-2-5p was
generated using a synthetic miRIDIAN microRNA mimic (Thermo Sci-
entific) and a suitable TagMan probe.

Plaque assays. Plaque assays were used to determine the tissue titers
during the acute phase of infection. C57BL6/] mice were infected with
MHV68.0RF73Bla or MHV68.ZT6, and at the indicated time points,
lungs were harvested from four mice per sample group per experiment.
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Plaque assays were then performed as previously described (87, 88).
Briefly, harvested lung tissues were placed in sterile 2-ml screw-cap tubes
containing 1 ml of DMEM and 500 ul of 1-mm zirconia-silica beads
(BioSpec Products) and stored at —80°C until use. Samples were thawed
onice, and tissues were homogenized using a mini-BeadBeater (BioSpec).
Samples were serially 10-fold diluted in complete DMEM, added to single
wells of a 6-well plate containing a monolayer of NIH 3T12 fibroblasts,
and then overlaid with methylcellulose (Sigma). After 7 days, plaques
were visualized by neutral red stain and counted.

Limiting-dilution nested-PCR analysis. Single-copy-sensitive nested
PCR was used to determine the frequency of cells harboring the viral
genome, as previously described (47, 54). C57BL6/] mice were infected
with MHV68.0RF73Bla or MHV68.ZT6, and at various time points,
spleens from four mice per sample group per experiment were harvested
and pooled. Splenocytes were isolated, resuspended in isotonic buffer,
and then serially diluted 3-fold in a background of uninfected RAW 264.7
murine macrophages, such that a total of 10* cells were present in each
PCR. Cell dilutions and controls were then plated in a 96-well PCR plate at
12 reactions per cell dilution. Positive control reaction mixtures con-
tained either 10, 1, or 0.1 copy of an MHV68 ORF72 plasmid in a back-
ground of RAW 264.7 cells. Negative-control reaction mixtures contained
10* RAW 267.4 cells only. Cells were lysed using proteinase K for 8 h at 56°
C. Following enzyme inactivation, nested PCR was performed using
primers specific for MHV68 ORF72, as previously described (54). Reac-
tions positive for viral genome resulted in a 195-bp amplicon, which was
visualized on a 3% agarose gel with ethidium bromide.

Limiting-dilution ex vivo reactivation and preformed-virus analy-
ses. The limiting-dilution assays were used to determine the frequency of
cells that spontaneously reactivate from latency ex vivo or that contain
preformed infectious virus particles (48, 58). C57BL6/] mice were infected
with MHV68.0RF73Bla or MHV68.ZT6, and at various time points,
spleens from four mice per sample group per experiment were harvested
and pooled. Splenocytes were isolated and resuspended in complete
DMEM at 10° cells per ml. Cells were plated in 2-fold serial dilution in a
96-well tissue culture plate over a monolayer of MEFs (24 wells per cell
dilution). Wells were scored for cytopathic effect (CPE) at 21 days. To
detect preformed virus, parallel samples were mechanically disrupted,
which destroys cells, and therefore eliminates the possibility of reactiva-
tion from latency, but does not damage intact virus particles (48). Dis-
rupted samples were then 2-fold serially diluted, plated over a monolayer
of MEFs (24 wells per cell dilution), and scored for CPE at 21 days.

Flow cytometry. Flow cytometry was used to determine the cell sur-
face phenotype of infected splenocytes expressing the B-lactamase
marker, as previously described (47). C57BL6/J mice were infected with
MHV68.0RF73la or MHV68.ZT6, and at various time points, spleens
from four mice per sample group per experiment were harvested and
pooled. Following splenocyte isolation and red blood cell lysis, samples
were blocked in fluorescence-activated cell sorting (FACS) buffer con-
taining purified anti-mouse CD16/CD32 (Fc block). Cells were then
stained with rat anti-mouse CD19-APC/Cy7 (clone ID3; BD Biosciences),
IgM-APC (clone II/41; BD Biosciences), and CD38 AlexaFluor700 (clone
90; eBiosciences). In some experiments, biotinylated peanut agglutinin
(Vector Labs) followed by streptavidin-AlexaFluor700 (Life Technolo-
gies) was used in place of CD38 staining. Following cell surface staining,
cells were washed twice and then resuspended in staining buffer contain-
ing freshly prepared CCF4-AM B-lactamase substrate (LiveBLAzer FRET
B/G reagent; Life Technologies) for 1 h. Cells were then washed twice,
resuspended in phosphate-buffered saline (PBS), and kept on ice until
processing. Unstained, fluorescence-minus-one, and isotype-stained
controls were also included in each experiment. A BD LSRII flow cytom-
eter was used to collect sample data using the following scheme: develop-
ing B cells (CD19" AA4 ™), naive follicular B cells (CD19+ IgM ™), mature
Bcells (CD19" AA4 ™), germinal-center B cells (CD19 " IgM~ CD38low/—
or CD19" IgM~ PNA™), and memory B cells (CD19" IgM~ CD38" or
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CD19" IgM~ PNA!oW~), Data were analyzed using FlowJo software
(Tree Star).

Statistical analysis. All data were analyzed using GraphPad Prism
software (GraphPad Software, San Diego, CA). The percentages of
B-lactamase-positive B cell subsets were statistically analyzed using a one-
way unpaired Student’s ¢ test. The frequencies of viral genome-positive
cells were determined from the nonlinear regression analysis of sigmoidal
dose-response curve data. Based on Poisson distributions, the frequency
at which at least one event in a given population is present occurs at the
point where the regression analysis line intersects 63.2%.
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