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The M33 G Protein-Coupled Receptor Encoded by Murine
Cytomegalovirus Is Dispensable for Hematogenous Dissemination but
Is Required for Growth within the Salivary Gland

Fabiola M. Bittencourt,a Shu-En Wu,a James P. Bridges,b William E. Millera

Department of Molecular Genetics, Biochemistry, and Microbiology, University of Cincinnati College of Medicine, Cincinnati, Ohio, USAa; Perinatal Institute, Division of
Pulmonary Biology, Cincinnati Children’s Hospital Medical Center, Cincinnati, Ohio, USAb

ABSTRACT

Human cytomegalovirus (HCMV) is a pathogen found worldwide and is a serious threat to immunocompromised individuals
and developing fetuses. Due to the species specificity of cytomegaloviruses, murine cytomegalovirus (MCMV) has been used as a
model for in vivo studies of HCMV pathogenesis. The MCMV genome, like the genomes of other beta- and gammaherpesviruses,
encodes G protein-coupled receptors (GPCRs) that modulate host signaling pathways presumably to facilitate viral replication
and dissemination. Among these viral receptors, the M33 GPCR carried by MCMV is an activator of CREB, NF-�B, and phos-
pholipase C-� signaling pathways and has been implicated in aspects of pathogenesis in vivo, including persistence in the sali-
vary glands of BALB/c mice. In this study, we used immunocompetent nonobese diabetic (NOD) and immunocompromised
NOD-scid-gamma (NSG) mice to further investigate the salivary gland defect exhibited by M33 deficiency. Interestingly, we
demonstrate that virus with an M33 deletion (�M33) can replicate in the salivary gland of immunocompromised animals, albeit
with a 400-fold growth defect compared with the growth of wild-type virus. Moreover, we determined that M33 does not have a
role in cell-associated hematogenous dissemination but is required for viral amplification once the virus reaches the salivary
gland. We conclude that the reduced replicative capacity of the �M33 virus is due to a specific defect occurring within the local-
ized environment of the salivary gland. Importantly, since the salivary gland represents a site essential for persistence and hori-
zontal transmission, an understanding of the mechanisms of viral replication within this site could lead to the generation of
novel therapeutics useful for the prevention of HCMV spread.

IMPORTANCE

Human cytomegalovirus infects the majority of the American people and can reside silently in infected individuals for the dura-
tion of their lives. Under a number of circumstances, the virus can reactivate, leading to a variety of diseases in both adults and
developing babies, and therefore, identifying the function of viral proteins is essential to understand how the virus spreads and
causes disease. We aim to utilize animal models to study the function of an important class of viral proteins termed G protein-
coupled receptors with the ultimate goal of developing inhibitors to these proteins that could one day be used to prevent viral
spread.

Cytomegaloviruses (CMVs) belong to the betaherpesvirus fam-
ily and cause a lifelong infection within their host organism.

Human cytomegalovirus (HCMV) is found ubiquitously, and 50
to 80% of the world’s population is HCMV seropositive (1). In
immunocompetent individuals, HCMV infection causes only
mild symptoms; however, HCMV infection is a significant cause
of morbidity in patients with a compromised or immature im-
mune system, including preterm and newborn babies. Infection of
the developing fetus, commonly referred to as congenital infec-
tion, can lead to neurological impairment and hearing loss (2–4).
Primary infection or reactivation of latent virus in immuno-
compromised transplant patients can have devastating conse-
quences, including organ failure and diseases of the gastroin-
testinal tract (5, 6).

CMVs show strict species specificity, which has severely re-
stricted in vivo studies of HCMV pathogenesis, as the virus is un-
able to replicate and disseminate in model organisms like the
mouse. For this reason, murine cytomegalovirus (MCMV) has
commonly been used as a model system to study aspects of CMV
pathogenesis in vivo, and this model has been particularly useful
for uncovering viral mechanisms responsible for immunomodu-

lation as well as defining factors involved in viral dissemination
(7–10). Acute CMV infection in immunocompetent mice is char-
acterized by robust viral replication in internal organs, such as the
liver and spleen, within 2 to 3 days postinfection, followed by
secondary dissemination of this newly produced virus to addi-
tional organs, such as the salivary gland (11–13). Studies have
shown that virus produced in endothelial cells, presumably in the
spleen, is the virus that ultimately reaches secondary sites, such as
the salivary gland (14, 15). MCMV replicates within the acinar
epithelium of the salivary gland, spreads via the well-organized
series of ducts connecting the individual acini, and is eventually
shed into the saliva (16–18). Salivary glands are important sites for

Received 10 April 2014 Accepted 26 July 2014

Published ahead of print 6 August 2014

Editor: K. Frueh

Address correspondence to William E. Miller, william.miller@uc.edu.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.01006-14

October 2014 Volume 88 Number 20 Journal of Virology p. 11811–11824 jvi.asm.org 11811

 on S
eptem

ber 22, 2014 by U
N

IV
E

R
S

IT
Y

 O
F

 C
IN

C
IN

A
T

I
http://jvi.asm

.org/
D

ow
nloaded from

 

http://dx.doi.org/10.1128/JVI.01006-14
http://jvi.asm.org
http://jvi.asm.org/


horizontal transmission, as the virus can be detected in the saliva
of both humans and mice for prolonged periods of time (16, 19).
In the case of MCMV, the virus can persist in the salivary glands
for months before eventually being cleared by CD4� T cell re-
sponses (20–23).

Viruses utilize an extensive array of viral and host genes to
control and direct viral movement from the portal of entry to sites
of horizontal transmission. The cytomegaloviruses encode several
proteins that are not absolutely essential for replication in vitro but
play critical roles in viral replication, trafficking, and growth
within important tissues in vivo (24–27). One such protein is the
MCMV-encoded G protein-coupled receptor (GPCR) homolog
M33 (28). In terms of molecular signaling capacity, M33 appears
to be a functional homolog of the HCMV US28 protein, as M33,
like US28, appears to constitutively activate the G�q/G�11 sub-
family of heterotrimeric G proteins. M33 and US28 both activate
a number of signaling molecules and transcription factors down-
stream of G�q/G�11, including phospholipase C (PLC-�), protein
kinase C (PKC), nuclear factor kappa light-chain enhancer of ac-
tivated B cells (NF-�B), nuclear factor of activated T cells (NF-
AT), and cyclic AMP response element binding protein (CREB)
(29–32). M33 is not essential for replication in fibroblasts in tissue
culture or for replication at sites of acute infection in vivo, such as
the spleen and liver (29, 33, 34). However, MCMV mutants defi-
cient in M33 (�M33) exhibit severe growth defects in the salivary
glands of immunocompetent BALB/c mice, and there is some ev-
idence that M33 may affect immune clearance, as one report dem-
onstrates that �M33 viruses are cleared more efficiently in BALB/c
mice (29, 33–36). It remains unclear if M33 functions to (i) pre-
vent viral clearance mediated by innate or adaptive immunity, (ii)
facilitate viral dissemination from visceral organs to the salivary
gland, or (iii) support viral amplification and spread within the
salivary gland itself. Our overall goals are to define the functional
activity of M33 in vivo and to characterize the molecular mecha-
nisms that facilitate this activity.

While previous studies with MCMV M33 have used the proto-
typical mouse strain BALB/c, we hypothesized that the nonobese
diabetic (NOD)-scid gamma (NSG) mouse strain would be useful
for investigating several of the points raised above. NSG mice are
defective in the development of B and T cell responses due to
mutation in the Prkdcscid gene, a critical component of the vari-
able(diversity)joining [V(D)J] recombination system, and NSG
mice are extremely defective in NK and other innate immune
responses due to deletion of the interleukin-2 (IL-2) receptor
common gamma chain of the interleukin 2 receptor, which is
required for high-affinity signaling via the IL-2, IL-4, IL-7, IL-9,
IL-15, and IL-21 cytokine receptors (37–39). Utilizing the NSG
animals would enable us to determine if M33-directed evasion of
immune-mediated MCMV clearance plays a central role in dis-
semination of MCMV to the salivary gland. Moreover, we hypoth-
esized that infection of immunocompromised NSG animals
would lead to higher and more sustained virus titers in primary
organs and blood, perhaps leading to the increased movement of
�M33 virus to the salivary glands and thus enabling us to compare
wild-type and �M33 virus growth within the gland.

Using the immunocompromised NSG mouse model, we dem-
onstrate that M33-null virus can in fact replicate in the salivary
gland, although it exhibits a 3- to 4-log-unit growth defect com-
pared to the growth of wild-type MCMV. We determined that the
growth defect exhibited by �M33 viruses occurs within the sub-

structure of the salivary gland itself, as �M33 viruses exhibited
normal levels of hematogenous dissemination and entered the
salivary gland. This defect in growth within the gland was demon-
strated using high-dose intraperitoneal (i.p.) infection and direct
intraglandular injections. Finally, we used green fluorescent pro-
tein (GFP)-tagged viruses to examine viral spread within the sali-
vary gland in vivo and in freshly isolated salivary gland explants in
vitro. From these studies, we conclude that the �M33 virus
exhibits an interacinar spread defect in vivo, thus preventing
efficient growth within the gland. Considering that the salivary
glands are an important site for horizontal transmission, fur-
ther elucidation of the parameters that affect salivary gland
growth could ultimately be exploited to design novel inhibitors
of CMV transmission.

MATERIALS AND METHODS
Tissue culture cell lines and primary salivary gland explants. NIH 3T3
cells were purchased from ATCC and maintained at 37°C in 5% CO2 and
Dulbecco modified Eagle’s medium (DMEM) supplemented with 10%
newborn calf serum and penicillin-streptomycin. Salivary gland (i.e., sub-
mandibular) explants were generated by harvesting glands from 3- to
6-week-old C57BL/6 mice. Dissected glands were injected with dispase
(Stemcell Technologies) and 0.15% collagenase type 3 (Worthington) and
digested for 20 min at 37°C in 2 ml of the dispase-collagenase solution.
The glands were gently teased apart with tweezers and incubated for an
additional 20 min at 37°C in the dispase-collagenase solution. Dissociated
cells were diluted in phosphate-buffered saline (PBS), passed through a
70-�m-pore-size cell strainer, and then washed 3 times in PBS. Cell pellets
were resuspended in BEGM bronchial epithelial cell growth medium
(containing the supplements from the BEGM bullet kit and 4% charcoal-
stripped fetal bovine serum; Lonza). Isolated cells were then plated in
12-well dishes coated with Cultrex basement membrane extract (Trevi-
gen) at a density of approximately 1 � 106 cells per well. Adhered cells
were gently washed with PBS at 24 and 48 h postplating and refed after
each wash with fresh BEGM growth medium. Adhered cells went through
several rounds of cell division, resulting in the appearance of tight clusters
each containing 6 to 20 cells by 96 h postplating. Staining of primary
salivary gland clusters was carried out at 120 h postisolation, and virus
infection was initiated at between 72 and 120 h postisolation. All experi-
ments were carried out in primary cells prior to subculture. All animal
procedures were approved by the University of Cincinnati Institutional
Animal Care and Use Committee.

Viruses. MCMV K181, �M33, and M33FL-RSC viruses were de-
scribed in an earlier study from the Miller laboratory (29). M33-RSC virus
was generated by replacing the Flp recombination target (FRT) scar of the
�M33 virus with M33 genomic sequences containing the M33 intron but
without a FLAG tag sequence. Bacteriophage lambda red recombination
was used to generate the M33-RSC virus essentially as described in our
earlier studies (29). Viral stocks were made in NIH 3T3 fibroblasts, and
the viral titer was determined via plaque assay. Salivary gland-derived
viruses were generated by homogenizing the salivary glands of NSG mice
infected with 1 � 106 PFU. Salivary glands were harvested at day 12
postinfection. Using this high dose in NSG animals enabled us to recover
salivary gland stocks of the �M33 virus at a titer sufficient to be tested for
growth in subsequent infection experiments. GFP-tagged viruses were
generated via bacteriophage lambda red recombination techniques. A
DNA fragment containing GFP under the control of the CMV promoter
was inserted into the HindIII L region of bacterial artificial chromosome
(BAC)-derived MCMV pARK25 and �M33 pARK25 genomes. A kana-
mycin resistance gene flanked by FRT recombinase sites was used for the
selection of recombinants and was subsequently excised using Flp recom-
binase. Integration was confirmed by restriction digestion. For virus re-
constitution, NIH 3T3 cells were transfected with an MCMV bacterial
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artificial chromosome and TransIT-LT1 transfection reagent according to
the manufacturer’s protocol.

Mice. Eight- to 12-week-old nonobese diabetic severe combined im-
munodeficient, IL-2 common 	 chain null (NSG) mice were purchased
from Cincinnati Children’s Hospital Comprehensive Mouse and Cancer
Core. Eight- to 12-week-old NOD mice were purchased from Taconic
Farms. Three- to 6-week-old C57BL/6 animals were bred in-house. Mice
were kept with food and water ad libitum.

Mouse infections. (i) Intraperitoneal infection. NSG and NOD mice
were infected intraperitoneally with various doses (1 � 105 to 2 � 106

PFU) of K181, �M33, M33 RSC, K181-GFP, or �M33-GFP viruses.
(ii) Intra-salivary gland infection. For intra-salivary gland infection,

NSG and NOD mice were anesthetized by inhalation of isoflurane, and
1 � 105 PFU of K181 or �M33 viruses was injected into each lobe of the
submandibular gland.

Organ harvest and homogenizations. Upon sacrifice, blood was col-
lected via cardiac puncture with a syringe and stored in tubes containing
20 �l 7.5% Na2EDTA. Red blood cells were lysed with red blood cell lysis
buffer (4.015 g NH4Cl, 0.5 g NaHCO3, and 0.0186 g EDTA in 200 ml
distilled H2O), samples were centrifuged to remove cell debris, and pe-
ripheral blood leukocytes were isolated and counted. Spleens, livers, and
salivary glands were harvested, placed in 250 to 1,000 �l complete DMEM,
and stored at 
80°C until the organs were thawed and disrupted with a
glass homogenizer or tissue grinder.

Plaque assays. Organ homogenates and viral stocks were diluted and
used to determine the viral titer on NIH 3T3 cell monolayers in 12-well
plates. Infected cell monolayers were overlaid with minimal essential me-
dium containing 10% calf serum, nonessential amino acids, penicillin-
streptomycin, and 1.5% carboxymethylcellulose (Sigma). Five days later,
the cells were fixed with methanol and stained with 10% Giemsa (Sigma)
and the plaques were counted using a dissecting microscope.

Infectious center assays. Splenocytes were isolated by disrupting
whole spleens and passing the disrupted spleens through a 70-�m-pore-
size nylon cell strainer (BD Falcon), followed by lysis of red blood cells.
Peripheral blood leukocytes were isolated as described above. Splenocytes
or leukocytes (10,000 to 100,000) were added to an NIH 3T3 cell mono-
layer and were later covered with overlay medium and carboxymethyl
cellulose. Five days later, the cells were fixed with methanol and stained
with 10% Giemsa and the plaques were counted using a dissecting micro-
scope.

Viral growth curves and spread of GFP-tagged viruses in primary
salivary gland explants. Primary salivary gland explants were infected
with wild-type or �M33 viruses at a multiplicity of infection (MOI) of 0.1
PFU/cell. All infections were performed in 12-well plates using primary
cells at days 3 to 5 postisolation, and the cells were never subcultured.
Supernatant samples were collected at days 1 to 4 postinfection, frozen,
and later used for viral titer determination via plaque assays in NIH 3T3
fibroblasts, as described above. For visualization of viral infection and
spread, primary salivary gland explants were infected with K181-GFP or
�M33-GFP viruses at an MOI of 0.1 PFU/cell. At days 1 to 3 postinfection,
GFP-positive cells were visualized on a Nikon TE2000 inverted micro-
scope equipped with an epifluorescence unit using 450- to 490-nm exci-
tation filters and 520-nm-band-pass emission filters. Images were cap-
tured using an Olympus Q Color 5 camera and QCapturePro software.

Immunocytochemistry and confocal microscopy. Salivary glands
harvested at 8 or 12 days postinfection were fixed with 4% paraformalde-
hyde in PBS for 24 h, incubated in 30% sucrose overnight, embedded in
OTC compound (Tissue-Tek), and frozen in liquid nitrogen. Sections of 4
�m were used for immunocytochemistry. For M44 and immediate early
(IE) protein immunocytochemistry, sections were thawed and staining
for the M44 or IE protein was done in several steps with a mouse-on-
mouse fluorescence detection kit with the MaxFluor mouse-on-mouse
Alexa 488 (MOM-488) reagent, according to the manufacturer’s instruc-
tions (Max Vision Biosciences). Briefly, endogenous immunoglobulins
were blocked and sections were stained with anti-M44 antibody (provided

by J. Shanley), CROMA 101 anti-IE protein antibody (provided by S.
Jonjic), or PBS alone as a negative control for 12 h (40, 41). Sections were
then stained with the MaxFluor MOM-488 secondary reagent and
mounted in antifade medium containing Fluoroshield with DAPI (4=,6-
diamidino-2-phenylindole; Sigma). For GFP immunocytochemistry, fro-
zen sections of infected salivary glands with GFP-tagged K181 or GFP-
tagged M33 were used for determination of GFP expression. For
E-cadherin and ZO-1 staining of salivary gland explant clusters, cells were
fixed in 4% paraformaldehyde, permeabilized in 0.05% Tween 20, and
stained with anti-E-cadherin (catalog number MAB7481; R&D Systems)
or anti-ZO-1 (catalog number sc-33725; Santa Cruz) antibodies, followed
by staining with species-specific secondary antibodies. Stained sections or
cells were mounted in antifade medium containing Fluoroshield with
DAPI (Sigma) or ProLong Gold antifade reagent with DAPI (Life Tech-
nologies). Experiments examining M44, IE protein, and GFP expression
were performed on a Zeiss LSM510 NLO two-photon microscope with a
water immersion �40/1.2 C-Apochromat objective. Images for ZO-1 and
E-cadherin were obtained on a Nikon A1� inverted confocal microscope
with a �60 water objective.

Reverse transcription (RT)-PCR analysis. Dissected salivary glands
or day 5 salivary gland explant clusters were solubilized in RNA-BEE
(Tel-Test, Inc.), and RNA was extracted according to the manufacturer’s
recommendation. First-strand cDNA was synthesized from 1 �g total
RNA using an iScript cDNA synthesis kit (Bio-Rad Laboratories). PCR
amplification of cDNA was performed in an Eppendorf Mastercycler ap-
paratus using 25 cycles (for �-actin) or 30 cycles (for amylase 1
[Amy1]and aquaporin 5 [AQP5]). The primers used were Aqp5-FOR
(CTCTGCATCTTCTCCTCCACG) and Aqp5-REV (TCCTCTCTATGA
TCTTCCCAG) for aquaporin 5 amplification, Amylase1-FOR (GGTGC
AACAATGTTGGTGTC) and Amylase1-REV (ACTGCTTTGTCCAGCT
TGAG) for amylase 1 amplification, and BACT-FOR (CCTAAGGCCAA
CCGTGAAAAG) and BACT-REV (TCTCATGGTGCTAGGAG
CCA) for �-actin amplification (42).

RESULTS
M33 is required for MCMV growth in the salivary glands of im-
munocompetent NOD and immunocompromised NSG mice.
Salivary glands are seeded late during infection and are an impor-
tant site for CMV persistence (16, 19). Virus particles can be de-
tected in the salivary gland and saliva long after MCMV has been
cleared from other organs, and as such, the salivary glands are
frequently used to model aspects of MCMV persistence (16). Pre-
vious studies in immunocompetent mouse models have demon-
strated that M33-null viruses replicate normally in primary sites of
replication, such as the spleen and liver, but are profoundly defec-
tive for growth in the mouse salivary gland (28, 29, 34). These data
indicate that some step in the virus life cycle subsequent to repli-
cation in the primary organs (e.g., the spleen) requires M33 sig-
naling activity. We chose to use the nonobese diabetic (NOD)
mouse strain and its immunodeficient derivative, NOD-scid-
gamma (NSG), to further examine the role that M33 plays in
promoting viral growth in the salivary gland.

Intraperitoneal infection of NOD mice with 1 � 106 PFU of
wild-type MCMV (K181) or MCMV with an M33 deletion
(�M33) resulted in an initial phase of replication where both vi-
ruses could be detected at similar levels in spleen and liver (Fig. 1A,
top and middle). The viruses were subsequently cleared from the
spleen and liver by 14 days postinfection (Fig. 1A, bottom). Little
to no virus was detectable in the salivary gland at 4 days postinfec-
tion (Fig. 1A, top), while wild-type K181 but not �M33 virus was
detectable in the salivary gland at 7 and 14 days postinfection (Fig.
1A, middle). Similar results were obtained following a low-dose
i.p. infection with 1 � 105 PFU (Fig. 1B). These experiments in-
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dicate that the salivary gland phenotype of the �M33 virus that
was previously observed in BALB/c mice (28, 29, 33) is similarly
manifested in the unrelated NOD strain of mice, indicating that
the M33 phenotype is a general phenomenon in immunocompe-
tent mice and not restricted to the genetic background of BALB/c
mice. Moreover, in these experiments, the wild-type and �M33
viruses cleared equally well from the spleen and liver, suggesting
that the M33 salivary gland phenotype is not due to clearance of
virus from tissues typically affected during acute infection.

We next sought to examine the replication of K181 and �M33
viruses in immunodeficient NSG mice to determine if M33 is re-
quired for dissemination to and replication within the salivary
gland in mice unable to mount appropriate innate and adaptive
immune responses (38, 43). After a low-dose i.p. infection of 1 �
105 PFU, K181 and �M33 viruses replicated to similar viral titers
in spleen and liver at days 4 to 14 postinfection in the NSG mice
(Fig. 2, top and middle). In contrast to the immunocompetent
NOD mice, MCMV titers in the spleen and liver continued to rise
from days 4 to 14, consistent with the lack of immune control in
these animals. When viral growth/replication in the salivary gland
at days 4 and 14 postinfection was examined, we again found that
the �M33 virus was severely defective in its ability to grow in the

salivary gland of the NSG mice (Fig. 2, top and middle). These
results indicate that even in the absence of innate or adaptive
immune responsiveness, the �M33 virus is unable to efficiently
grow in the salivary gland, suggesting that M33 does not function
solely as an immunosuppressive protein to promote dissemina-
tion to the salivary gland. Interestingly, while we were unable to
detect any �M33 virus in the salivary glands of NOD mice, we did
detect low but statistically significant levels of �M33 virus in the
salivary glands of some NSG mice 14 days after an i.p. infection
(Fig. 2A, middle). Since we were able to detect low levels of �M33
virus in the salivary glands of some NSG mice at day 14 postinfec-
tion, we tested the hypothesis that �M33 virus might simply be
delayed in its ability to replicate in the salivary gland. To examine
this question, we infected NSG mice i.p. with 1 � 105 PFU and
analyzed viral growth in the spleen, liver, and salivary gland at 21
days postinfection. Similar to the findings of the studies at day 14,
the �M33 virus remained severely defective in its ability to grow in
the gland when the time point of analysis was carried out to 21
days postinfection (Fig. 2A, bottom). Thus, even if more time is
allowed for the establishment of infection, the �M33 virus re-
mains defective for efficient viral replication within the salivary
gland. To confirm that the phenotype of the �M33 virus is due to

FIG 1 MCMV �M33 exhibits normal replication in the spleen and liver but exhibits severely restricted replication in the salivary gland of NOD mice. (A) NOD
mice were infected intraperitoneally with 1 � 106 PFU of wild-type or �M33 K181 MCMV. At days 4, 7, and 14 postinfection, spleens, livers, and salivary glands
were harvested and homogenized with a tissue grinder. (B) Experiments were performed as described in the legend to panel A, except that infections were done
with 1 � 105 PFU per animal and organs were harvested on days 4 and 14. Dilutions of the organ homogenates were used for viral titer determination via plaque
assay on NIH 3T3 cell monolayers. Each symbol represents one animal. Dashed lines, the limit of detection. Statistical analyses were performed using an unpaired
t test. *, P � 0.05; **, P � 0.01.
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deletion of the M33 gene, we examined the replication of an M33
revertant virus in the salivary gland of NSG mice at day 14. Exper-
iments with the M33 revertant virus (containing a FLAG-tagged
M33 gene in the M33 locus) demonstrated that the defect in viral
replication of the �M33 virus in the salivary gland is M33 specific,
as replication in the salivary gland was restored to levels similar to
those of the K181 wild-type virus (Fig. 2B).

M33 is not required for hematogenous dissemination in NSG
mice. Based on the findings that the �M33 virus is not subjected to
faster clearance from the spleen in NOD mice and since the �M33
virus phenotype is not rescued in NSG mice, we next sought to
determine if �M33 and wild-type viruses exhibited similar levels
of dissemination via the blood. MCMV infection in mice is
thought to occur by an initial dissemination of virus from the
entry point to the spleen and liver, followed by abundant replica-
tion at these sites and then a second viremia, whereby virus is
disseminated via blood leukocytes, ultimately reaching secondary
sites of infection, such as the salivary gland (11, 12). To investigate
if M33 has a role in viral dissemination, we analyzed MCMV in-
fection and replication in splenocytes and blood leukocytes at sev-

eral days postinfection using infectious center assays (Fig. 3). In
these assays, splenocytes or leukocytes from infected animals were
cocultured with fibroblast monolayers, and the number of infec-
tious centers that appeared represented the number of produc-
tively infected splenocytes or leukocytes. NSG animals were in-
fected with 1 � 106 PFU of K181 or �M33 viruses, and splenocytes
were isolated via standard procedures. We examined the number
of infected splenocytes at days 4, 8, and 12 postinfection and ob-
served that the number of infected splenocytes was similar for
both K181 and �M33 viruses over all time points examined (Fig.
3A). We next analyzed the number of infected blood leukocytes in
mice infected with K181 or �M33 virus. Peripheral blood was
isolated via cardiac puncture, red blood cells were lysed, and the
number of infected blood leukocytes was determined. We ob-
served similar numbers of infected cells for both K181 and �M33
viruses at all time points observed (Fig. 3B). We used the higher
viral dose (1 � 106 PFU per animal) in these experiments to facil-
itate more robust detection of infected blood leukocytes, although
similar results were obtained using low-dose infection (1 � 105

PFU per animal) (data not shown). The similarities in the number

FIG 2 M33 is required for efficient viral growth in the salivary (sal.) gland of immunocompromised NSG mice. NSG mice were infected intraperitoneally with
1 � 105 PFU of the indicated viruses. (A) At 4, 14, and 21 days postinfection (dpi), spleens, livers, and salivary glands were harvested and homogenized with a
tissue grinder. Dilutions of the organ homogenates were used for viral titer determination via plaque assay on NIH 3T3 cell monolayers. (B) Replication of a
revertant virus was assessed for salivary gland growth. Each symbol represents one animal. Dashed lines, the limit of detection. Statistical analyses were performed
using an unpaired t test. *, P � 0.05.
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of infected splenocytes and blood leukocytes between both wild-
type K181 and �M33 viruses indicate that M33 does not have an
important role in viral dissemination inside the immunocompro-
mised host.

High-dose infection in NSG mice indicates that the �M33
virus can reach the salivary gland but fails to replicate efficiently
once it is in the gland. Since some NSG animals infected with 1 �
105 PFU of �M33 virus had low but detectable levels of virus
growth in the salivary gland, we surmised that if we used the high
infectious dose used in the blood dissemination experiments (1 �
106 PFU per animal), this might allow more robust replication in
primary organs, enable more virus to disseminate to the salivary
gland, and facilitate studies aimed at understanding the �M33
virus phenotype. Although we typically analyzed salivary gland
growth at 14 days postinfection (Fig. 1 to 2), the high viral dose
used for these experiments led to significant mortality among both
mice infected with wild-type virus and mice infected with �M33
virus at days 13 to 15 postinfection (data not shown); therefore, we
set our longest time point at 12 days postinfection. We also in-
cluded an additional intermediate time point in order to more
closely examine the kinetics of wild-type and �M33 virus replica-
tion in the salivary glands between 8 and 12 days postinfection.
Using this high-dose approach, viral titers reached maximal levels
in the spleen (Fig. 4A) and liver (Fig. 4B) by 4 days postinfection
and remained high throughout the course of the experiment.
Moreover, both K181 and �M33 viruses exhibited similar levels of
replication at all three time points (Fig. 4A and B). When salivary
gland growth was analyzed, we could clearly detect viral growth in
the gland at 8 days postinfection with both viruses, while the
�M33 virus exhibited a mildly defective phenotype (Fig. 4C). At

this intermediate day 8 time point, K181 titers were 2.1 � 105

PFU/g, whereas �M33 titers were 2.7 � 104 PFU/g. We observed
that K181 exhibited an approximately 3-log-unit increase in viral
titers between the 8- and 12-day time points, while the �M33 virus
exhibited only a modest increase in viral titer of about 1 log unit
during this same interval. Importantly, this approach has enabled
us to develop a model for examining the role of M33 within the
salivary gland once MCMV infection has been established (at 8
days postinfection). Taken together, these results indicate that the
�M33 virus exhibits a growth defect within the salivary gland of
over 400-fold compared to the growth of wild-type K181 (Fig.
4C). Additionally, experiments with an M33 rescue virus demon-
strated that this defect in viral replication of the �M33 virus in the
salivary gland is indeed due to loss of the M33 gene, as this phe-
notype could be rescued when the M33 gene was repaired (Fig.
4D). Thus, we conclude that while M33 is dispensable for growth
in primary sites of infection and dispensable for hematogenous
dissemination, it is essential for efficient viral replication within
the salivary gland itself.

The ability to recover some �M33 virus from the salivary gland
of NSG mice (Fig. 4C) provided us with the appropriate reagent to
ask whether salivary gland stocks of �M33 virus maintain the
phenotype of the tissue culture stocks of the �M33 virus. Salivary
gland-derived virus stocks are more virulent than tissue culture
virus stocks due to unknown changes that occur when the virus
replicates in the salivary gland in vivo (44). In order to determine
whether salivary gland-derived stocks of �M33 virus would be-
have differently than tissue culture-derived stocks, we infected
NSG mice with 1 � 104 PFU of salivary gland-derived K181 or
�M33 virus and analyzed viral growth in the spleen, liver, and
salivary gland at 14 days postinfection (Fig. 4E). Compared to
wild-type K181, the �M33 virus remained severely defective in
salivary gland growth using this approach, indicating that the
changes that occur in MCMV following salivary gland growth do
not impact the observed M33 phenotype.

Immunohistochemical analysis indicated that the reduced
�M33 titers correlate with a reduction in the number of infected
cells. Since our data indicate that the �M33 virus can reach the
salivary gland but replicates with reduced efficiency once it is in
the gland, we would expect to find �M33 virus-infected cells in the
gland, but at a reduced frequency. We used an immunohisto-
chemical approach to explore this question and chose to examine
expression of the viral proteins M44 and M123. M44 is a viral
polymerase processivity factor that is expressed with delayed ear-
ly/late kinetics and found in large quantities in the nuclei of in-
fected cells, while M123 is the immediate early protein IE1 (40,
41). Frozen sections of salivary glands infected with a high dose
(1 � 106 PFU) of K181 or �M33 viruses were stained for M44
expression at 12 days postinfection using an anti-M44 monoclo-
nal antibody (MAb) and mouse-on-mouse Alexa 488 reagent
(MOM-488) (Fig. 5A, anti-M44/MOM-488). Salivary glands
from infected animals stained with the secondary MOM-488 re-
agent alone (Fig. 5A, MOM-488 Alone) or salivary glands from
mock-infected animals stained with anti-M44 and MOM-488
(data not shown) were included as controls. M44-positive cells
were quantified using NIH ImageJ software (Fig. 5B). In animals
infected with wild-type K181, we observed M44 expression in
�2% of DAPI-stained cells (10 in 500), while in animals infected
with �M33, we observed M44 expression in �0.2% of DAPI-
stained cells (1 in 500). Similar results were obtained when using

FIG 3 M33 is not required for hematogenous dissemination of MCMV in
NSG mice. NSG mice were infected intraperitoneally with 1 � 106 PFU of the
indicated viruses. Splenocytes (A) or leukocytes (B) were isolated from spleens
or whole blood at 4, 8, and 12 days postinfection. Splenocytes or leukocytes
(n  10,000) were then used for infectious center assays by coculturing with
NIH 3T3 cell monolayers to determine the number of infected cells in each
population. Symbols represent the number of infected cells per animal. Statis-
tical analyses were performed using an unpaired t test.
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antibodies directed against the immediate early protein M123
(data not shown).

The findings of these immunohistochemical experiments
are consistent with our plaque assay-based findings presented
in Fig. 4 and indicate that while the number of M44- and M123-
positive infected cells is vastly reduced in �M33 virus-infected
animals, the �M33 virus is, in fact, capable of reaching the
gland and initiating lytic-phase gene expression. Since the de-
layed-early protein M44 is expressed, these data suggest that
the defect in viral replication exhibited by the �M33 virus in
the salivary gland is at a step subsequent to the delayed-early
phase, possibly at the level of encapsidation, extracellular vi-
rion stability, or spread.

Utilization of GFP-tagged virus to examine MCMV spread
within the salivary gland. In order to more carefully examine
viral replication in salivary glands in vivo and gain some insight

into the mechanisms involved in MCMV spread within the gland,
we designed K181 and �M33 viruses that express GFP. In partic-
ular, we chose the GFP approach as we wished to investigate pa-
rameters such as intra-acinar spread (movement of virus to adja-
cent cells within an acinus) and interacinar spread (movement of
virus to adjacent or more distal acini). Using this method would
enable us to more accurately quantitate the number of MCMV-
infected cells at multiple points and enable us to more closely
examine cell-cell spread of MCMV within the salivary gland. Basic
in vitro characterization of these viruses in NIH 3T3 fibroblasts
indicated that the newly constructed GFP-tagged viruses (K181-
GFP and �M33-GFP) replicated with kinetics and titers similar to
those of their untagged counterparts (Fig. 6A) (29). Also, GFP
expression in infected cells was determined via fluorescence-acti-
vated cell sorting, and infection with both K181-GFP virus and
�M33-GFP virus resulted in high levels of GFP expression,

FIG 4 High-dose infection in NSG mice indicates that the �M33 virus can reach the salivary gland but fails to replicate efficiently once in the gland. NSG mice
were infected intraperitoneally with 1 � 106 PFU of the indicated viruses. At 4, 8, and 12 days postinfection, spleens (A), livers (B), and salivary glands (C, D) were
harvested and homogenized with a tissue grinder. (D) Replication of a revertant virus was assessed for salivary gland growth. (E) Virus harvested from the salivary
glands at day 12 postinfection was reintroduced into animals via i.p. injection (105 PFU per animal). Dilutions of the organ homogenates were used for viral titer
determination via plaque assay on NIH 3T3 cell monolayers. Each symbol represents one animal. Dashed lines, the limit of detection. Statistical analyses were
performed using an unpaired t test. *, P � 0.05; ***, P � 0.001.
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whereas no GFP expression was obtained after infection with a
nontagged K181 virus (data not shown).

To ensure that expression of GFP did not affect the M33 phe-
notype in vivo, NSG mice were infected with a high dose of K181-
GFP and �M33-GFP viruses (1 � 106 PFU) and viral growth in
the spleen and salivary gland was examined (Fig. 6B). Infection
with K181-GFP and �M33-GFP viruses yielded similar titers in
the spleen at 8 and 12 days postinfection. Importantly, analysis of
viral growth in the salivary gland again demonstrated that the
�M33-GFP virus exhibited defective growth in the salivary gland
in comparison to that of the K181-GFP virus. This observation is
in agreement with the results obtained with the nontagged K181
and �M33 viruses, and therefore, the GFP-tagged viruses are ap-
propriate tools to be used to examine viral replication in mouse
salivary glands.

Frozen sections of salivary glands infected with either K181-
GFP or �M33-GFP virus were then analyzed for GFP expression
via confocal microscopy. Tile images are shown to facilitate the
visualization of large areas of the gland (Fig. 6C and D, top) and
higher-magnification images are shown to facilitate the visualiza-
tion of individual cells (Fig. 6C and D, green boxes). Data are
presented for each virus at day 8 postinfection (Fig. 6C) and at day
12 postinfection (Fig. 6D). At 8 days postinfection, in salivary
glands infected with K181, about 1 in 50 cells expressed GFP,
whereas in the salivary glands of mice infected with �M33 virus,
GFP expression was detected in approximately 1 in 500 cells and
was normally not as intense as K181-GFP expression (Fig. 6C).
From day 8 to day 12 there was only a modest increase in the

number of GFP-positive cells for cells infected with either virus
(Fig. 6D). Interestingly, the data indicate that neither the K181-
GFP virus nor the �M33-GFP virus appears to spread focally in
the salivary gland in a simple cell-cell fashion, as might be ex-
pected on the basis of observations of MCMV spread in cellular
monolayers in vitro. In particular, at 12 days postinfection, we
observed no further development of multicellular infected foci, as
would be expected if the virus was spreading to adjacent cells.

M33 is required for efficient viral replication in the salivary
glands after bypassing dissemination. Our studies in NOD and
NSG mice indicate that the �M33 virus reaches the gland but
exhibits a reduced replication efficiency once it is in the gland,
ultimately leading to decreased viral titers. Thus, our data predict
that direct injection of the virus into the gland would result in
reduced but detectable viral titers at time points subsequent to the
infection. Davis-Poynter et al. performed a similar experiment in
the salivary glands of BALB/c mice and did not detect any �M33
virus in the glands (28). Their data therefore could not distinguish
between the inability to enter the gland or a failure to replicate
within the gland. Since our data suggest the latter, we performed
intra-salivary gland infections in NOD and NSG mice using K181
and �M33 viruses. We observed that following an intra-salivary
gland infection of NOD mice, K181 and �M33 viruses were de-
tectable in the salivary gland at comparable levels at 4 days postin-
fection (Fig. 7A). The K181 virus demonstrated a considerable
increase in viral titers between 4 and 14 days postinfection, while
the �M33 virus failed to reach similar viral titers. This resulted in
a significant difference in viral titers between wild-type and �M33

FIG 5 M33-null MCMVs enter the gland but exhibit reduced numbers of early antigen-positive cells. NSG mice were infected intraperitoneally with 1 � 106 PFU
of the indicated viruses. At 12 days postinfection, salivary glands were harvested, fixed in 4% paraformaldehyde, and sectioned. Sections of 4 �m were used for
immunohistochemistry. (A) K181-infected or �M33-infected salivary glands were stained with MOM-488 secondary reagent alone or with anti-M44 MAb plus
MOM-488 secondary reagent and mounted in antifade medium containing DAPI. Fluorescence was visualized using an LSM510 two-photon microscope. (B)
M44-positive cells were quantified using NIH ImageJ image analysis software, and the graph indicates the number of M44-positive cells per 500 DAPI
staining-positive cells. Statistical analyses were performed using an unpaired t test. ***, P � 0.001.
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viruses at day 14 postinfection (Fig. 7B). Similar results were ob-
tained after intra-salivary gland infection of NSG animals. NSG
mice infected with K181 and �M33 viruses had equivalent levels
of virus in the salivary gland at 4 days postinfection (Fig. 7C).
Between days 4 and 14, the wild-type K181 virus demonstrated
robust growth in the gland, while the �M33 virus demonstrated a
reduced propensity to efficiently replicate at this site (Fig. 7D).
The observations made using an intra-salivary gland infection ap-
proach highlight the requirement for M33 to enable efficient viral
amplification in the salivary gland and are consistent with high-
dose intraperitoneal infections, as described in Fig. 4.

Wild-type and �M33 viruses tagged with GFP were then di-
rectly injected into the salivary gland, and at 14 days postinfection,

tissue sections were examined for GFP expression (Fig. 8). The
distribution of infected cells was visualized by confocal micros-
copy and enumerated by NIH ImageJ software. The data indicate
that cell-free �M33 virus is able to enter the acinar epithelial cells
but fails to properly spread following an initial round of replica-
tion (Fig. 8). Interestingly, the �M33 virus exhibited a similar
defect when introduced via intraglandular injection or by intra-
peritoneal infection (Fig. 6 and 8). In the case of the intraglandular
infection experiments, cell-free virus has direct access to the glan-
dular epithelium, while in the case of the intraperitoneal infection
experiments, virus is disseminated through the bloodstream and
introduced into the gland in association with blood leukocytes. In
combination, these data indicate that the inability of the virus to

FIG 6 Visualization of MCMV spread in the salivary gland in vivo using GFP-tagged viruses. (A) Recombinant viruses expressing GFP were characterized in vitro
in NIH 3T3 cells to ensure that the inserted GFP cassette did not deleteriously affect replication. NIH 3T3 cells were infected at an MOI of 0.1, and viral titers were
determined via plaque assay at the indicated times postinfection. (B) NSG mice were infected intraperitoneally with 1 � 106 PFU of the indicated viruses. At 8
and 12 days postinfection, spleens and salivary glands were harvested and homogenized with a tissue grinder. Dilutions of the organ homogenates were used for
viral titer determination via plaque assay on NIH 3T3 cell monolayers. Each symbol represents one animal. (C, D) At day 8 postinfection (C) or day 12
postinfection (D), salivary glands were harvested, fixed in paraformaldehyde, and sectioned. Sections of 4 �m were used for immunohistochemistry. Sections
were mounted in antifade medium containing DAPI. Fluorescence was visualized using an LSM510 two-photon microscope. (Bottom) Higher magnification of
the areas outlined in green are shown so that single cells (arrows) can be more easily identified. GFP-positive cells were quantified using NIH ImageJ image
analysis software, and the graph indicates the number of GFP-positive cells per 500 cells positive by DAPI staining. Statistical analyses were performed using an
unpaired t test. ***, P � 0.001.

M33 Facilitates MCMV Replication in the Salivary Gland

October 2014 Volume 88 Number 20 jvi.asm.org 11819

 on S
eptem

ber 22, 2014 by U
N

IV
E

R
S

IT
Y

 O
F

 C
IN

C
IN

A
T

I
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org
http://jvi.asm.org/


replicate and spread in the salivary gland epithelium is not due to
an inherent defect in the ability of �M33 virus to transfer from the
infected blood leukocytes into the gland.

M33 is dispensable for MCMV replication in primary sali-
vary gland explants grown ex vivo. Since �M33 viruses replicate

less efficiently once they are localized within the salivary gland in
vivo, we sought to examine �M33 virus replication in primary
salivary gland explants ex vivo. Salivary glands were excised from
3- to 6-week-old mice and digested with dispase-collagenase, and
dissociated cells were allowed to attach to culture plates coated

FIG 7 M33 is required for efficient viral replication in the salivary glands after intra-salivary gland injection. NOD (A, B) and NSG (C, D) mice were anesthetized,
and 1 � 105 PFU of K181 and �M33 viruses was injected in the salivary gland. At 4 days (A, C) and 14 days (B, D) postinfection, salivary glands, spleens, and livers
were harvested and homogenized with a tissue grinder. Dilutions of the organ homogenates were used for viral titer determination via plaque assay on NIH 3T3
cell monolayers. Each symbol represents one animal. Dashed lines, the limit of detection. Statistical analyses were performed using an unpaired t test. *, P � 0.05.

FIG 8 M33 is required for efficient viral spread within the salivary gland epithelium following direct introduction of virus into the gland. NSG mice were
anesthetized, and 1 � 105 PFU of GFP-tagged K181 or �M33 viruses was injected in the salivary gland. (A) At 14 days postinfection, salivary glands were
harvested, fixed in 4% paraformaldehyde, and sectioned. Sections of 4 �m were used for immunohistochemistry. Sections were mounted in antifade medium
containing DAPI. Fluorescence was visualized using an LSM510 two-photon microscope. (B) GFP-positive cells were enumerated using NIH ImageJ software.
Statistical analyses were performed using an unpaired t test. *, P � 0.05.
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with Cultrex basement membrane extract. Cells were cultured in
BEGM medium, which resulted in the outgrowth of clusters of
E-cadherin- and ZO-1-positive epithelial cells by days 3 to 5 pos-
tisolation (Fig. 9A). RT-PCR analysis of the ex vivo-grown clusters
indicated that these cells express the acinar cell markers aquaporin
5 (AQP5) and amylase 1 (Amy1), consistent with the epithelial
origin of these salivary gland explants (Fig. 9B). Primary salivary
gland explant cultures were then infected at 3 to 5 days postisola-
tion with K181 or �M33 viruses at an MOI of 0.1, supernatant was
collected at days 1 through 4 postinfection, and the viral titers in
the supernatants were quantified by plaque assay. We observed
that �M33 virus replicated to levels similar to those of K181 virus
in primary cells infected ex vivo (Fig. 9C). Thus, while the �M33
virus failed to replicate efficiently in salivary gland cells contained
within the three-dimensional structure of the gland in vivo, it rep-
licated efficiently in primary salivary gland cells grown as cell clus-
ters ex vivo.

Examination of MCMV infection and spread in the salivary
gland explants indicated that the virus infected the salivary gland
explant cell clusters and that both K181-GFP and �M33-GFP vi-
ruses spread efficiently to adjacent cells within the clusters, creat-
ing multicellular focal plaques (Fig. 9D), in sharp contrast to what
we observed with MCMV spread within the gland in vivo (Fig. 6
and 8). Salivary gland clusters are outlined in red in Fig. 9D to help
with the visualization of the infection and spread of GFP-tagged
viruses. Taken together, the results of our studies are consistent
with a model in which M33 is essential for robust interacinar
spread in the salivary gland in vivo but dispensable for intercellular
spread in salivary gland epithelial cells grown in vitro.

DISCUSSION

In this study, we used an immunocompromised animal model
that enabled us to examine the replication of the �M33 virus
within the mouse salivary gland, which was not possible with im-
munocompetent strains of mice. Using this model, we determined
that the �M33 virus exhibits a significant growth defect of over
400-fold in the gland compared with the growth of the wild-type
virus. We also provide evidence that M33 is not required for viral
cell-associated dissemination from the primary replication sites to
the salivary gland, as the numbers of blood leukocytes infected
with K181 or �M33 viruses were similar. Moreover, from the use
of a combination of direct salivary gland injection experiments, in
vitro replication studies with isolated primary salivary gland ex-
plants, and assessment of intraglandular viral spread with GFP-
tagged viruses, we conclude that the �M33 virus exhibits a defect
in interacinar spread, thus preventing efficient viral growth in the
gland.

The NSG strain is derived from the NOD strain and has been
used in other studies with infectious disease agents, including
CMV and HIV (45–47). NSG animals have impaired innate NK
function and adaptive T and B cell function, have significantly
impaired cytokine signaling activity, and are thought to be the
most severely immunocompromised animals available (38). We
initially sought to use the NSG model in our studies to determine
whether M33 functions in an immunomodulatory manner and
determine if the salivary gland defect exhibited by the �M33 virus
would be rescued or normalized in the NSG mice. Additionally,
we hypothesized that by removing innate and adaptive immunity,
MCMV infection in NSG animals would result in higher and more
sustained virus titers in primary infected organs and in blood and

perhaps lead to the increased movement of �M33 virus to the
salivary glands. While it is clear that the growth of the �M33 virus
is not fully rescued to wild-type levels in the NSG animals deficient
for T, B, and NK cell control, this approach did enable the �M33
virus to reach the gland, thus facilitating our studies, from which
we conclude that the �M33 virus exhibits a defect in growth
within the gland itself. This conclusion that the �M33 virus ex-
hibits a defect within the gland itself was not achievable in prior
studies, as it was not possible to detect any amount of �M33 virus
in the gland to establish a baseline from which one could assess
how much the virus grows relative to the level of virus present at
baseline (28, 29, 33–35). We cannot rule out the possibility, how-
ever, that M33 may also play a role in manipulating some aspect of
immune function that, when absent in the NSG animals, enables
the virus to move more efficiently to the gland.

In addition to the profound phenotype regarding the deficient
salivary gland growth of �M33 virus that was observed, previous
studies reported that disruption of M33 resulted in more rapid
clearance of virus from the spleens of BALB/c mice, which in turn
could result in decreased viral dissemination to distal sites, such as
the salivary gland (34, 35). Our experiments in NOD mice dem-
onstrate that while the �M33 virus was unable to grow in the
salivary gland after an intraperitoneal infection, both wild-type
and �M33 viruses were present at similar levels in spleen at 7 days
postinfection and, likewise, were cleared from this organ by 14
days postinfection. Therefore, while it is possible that M33 may
affect viral clearance from the spleen under some experimental
conditions and in some mouse strains, our data indicate that the
clearance of the �M33 virus from initial sites of infection, like the
spleen, is not directly responsible for the subsequent growth defect
of �M33 viruses within distal organs like the salivary gland.

The precise mechanism for how M33 activity results in in-
creased growth within the gland is currently unknown. In vitro
signaling studies by us and others have demonstrated that M33 is
a G�q/11-coupled G protein-coupled receptor that signals through
a classical inositol 1,4,5-triphosphate-generating signaling path-
way, leading to the activation of PKC and a number of transcrip-
tion factors (29, 30, 32). Evidence for coupling to G�q/11 in these
in vitro studies comes from using mouse embryonic fibroblasts
devoid of G�q/11 (32). The motif in M33 responsible for coupling
to G proteins has been identified to be amino acids 130 to 132
(Asp-Arg-Tyr), and importantly, recombinant MCMVs express-
ing an M33 variant in which arginine 131 has been mutated to
alanine are unable to grow in the salivary gland (29, 33). Thus, it is
clear that G-protein coupling is essential for salivary gland growth,
but whether G�q/11 is truly required for in vivo function remains
unclear. Experiments aimed at defining a requirement for M33
coupling to G�q/11 are difficult, as G�q/11-null animals do not live
past fetal day 11.5 (48). Our current studies provide a basis from
which to now examine this question, as we have localized the M33
defect to within the salivary gland. Using tissue-specific CRE ex-
pression should enable the selective knockout of G�q/11 proteins
in the gland and obtain an answer to this question (49, 50).

It is interesting that MCMV spread within the gland in vivo
does not appear to involve the transfer of virus to adjacent cells
within a particular acinus (intra-acinar spread), as we rarely found
multicellular foci exhibiting GFP expression. This is in sharp con-
trast to how the virus spreads in cell culture, where the virus can
easily spread to adjacent cells during the development of an indi-
vidual plaque. It remains unclear how the cell-cell junctions form
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FIG 9 M33 is not required for viral replication in primary salivary gland explants infected in vitro. (A) Salivary glands were harvested from 3- to 6-week-old mice,
dispersed via dispase-collagenase digestion, plated in culture plates coated with Cultrex basement membrane extract, and grown in BEGM medium. These
growth conditions led to the outgrowth of tight clusters (6 to 20 cells per cluster) of primary salivary gland cells (top). Staining of these clusters with E-cadherin
antibody demonstrates uniform staining at the plasma membrane of each cell in these clusters (bottom left). Staining with ZO-1 antibodies demonstrates
localization of the protein at cell-cell junctions primarily toward the inner part of the clusters (bottom right). (B) cDNA was prepared with an iScript cDNA
synthesis kit (Bio-Rad), and mRNA expression was examined via PCR with primers specific for AQP5, Amy1, and �-actin. dH2O, distilled H2O; Salivary gland,
RNA directly isolated from salivary gland tissue. (C) Salivary gland clusters were then infected with wild-type (WT) MCMV (K181) or MCMV with an M33
deletion (�M33) at an MOI of 0.1. The cellular supernatant was harvested at the indicated times postinfection, and dilutions of cell supernatants were used for
viral titer determination via plaque assay on NIH 3T3 cell monolayers. (D) K181-GFP and �M33-GFP infection and spread in primary derived salivary gland
clusters at the indicated times postinfection. h.p.i., hours postinfection. Phase, phase-contrast microscopy.
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in vivo in the gland and if they prevent infection via adjacent cells
or if the polarized nature of the acinar cells directs viral release
from the apical membranes. The main biological function of the
salivary gland acinar epithelial cells is to secrete H2O, electrolytes,
and proteinaceous components of the saliva, so it is seems likely
that MCMV release from the salivary gland epithelial cells may use
some component of the secretion machinery (51). Studies aimed
at analyzing MCMV spread within the salivary gland in animals
deficient in channel activity or in signaling components regulating
channel activity should provide important insight into the mech-
anism of MCMV spread within the gland.

In summary, we have shown that the GPCR M33 of MCMV is
not required for viral growth at sites of acute infection or for
hematogenous dissemination within the host; however, we now
demonstrate that M33 is required for growth within the salivary
gland itself and provide evidence supporting the hypothesis that
M33 is required for the interacinar movement of virus within the
gland. Considering that salivary glands are a site for viral persis-
tence and critical to horizontal transmission, the understanding of
the requirements of M33 and M33 signaling for viral replication at
this site could lead to new therapeutic treatments intended to
control viral transmission and disease.
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