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FIG 1 MCMV AM33 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 X 10° PFU of wild-type or AM33 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 X 10° 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

ttest. *, P < 0.05; **, P < 0.01.

dicate that the salivary gland phenotype of the AM33 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 AM33
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 AM33
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 alow-dose i.p. infection of 1 X
10° PFU, K181 and AM33 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 AM33 virus was severely defective in its ability to grow in the
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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 AM33 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 AM33 virus in the salivary glands of NOD mice, we did
detect low but statistically significant levels of AM33 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 AM33
virus in the salivary glands of some NSG mice at day 14 postinfec-
tion, we tested the hypothesis that AM33 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 X 10° 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 AM33 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 AM33 virus re-
mains defective for efficient viral replication within the salivary
gland. To confirm that the phenotype of the AM33 virus is due to
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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 X 10° 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 ¢ test. *, P < 0.05.

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 AM33 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 AM33 virus is not subjected to
faster clearance from the spleen in NOD mice and since the AM33
virus phenotype is not rescued in NSG mice, we next sought to
determine if AM33 and wild-type viruses exhibited similar levels
of dissemination via the blood. MCMYV 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 MCMYV in-
fection and replication in splenocytes and blood leukocytes at sev-
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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 X 10° PFU of K181 or AM33 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 AM33 viruses over all time points examined (Fig.
3A). We next analyzed the number of infected blood leukocytes in
mice infected with K181 or AM33 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 AM33
viruses at all time points observed (Fig. 3B). We used the higher
viral dose (1 X 10° 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 X 10°
PFU per animal) (data not shown). The similarities in the number
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FIG 3 M33 is not required for hematogenous dissemination of MCMV in
NSG mice. NSG mice were infected intraperitoneally with 1 X 10° 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 f test.

of infected splenocytes and blood leukocytes between both wild-
type K181 and AM33 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 AM33
virus can reach the salivary gland but fails to replicate efficiently
once it is in the gland. Since some NSG animals infected with 1 X
10° PFU of AM33 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 X
10° 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 AM33
virus phenotype. Although we typically analyzed salivary gland
growth at 14 days postinfection (Fig. 1 to 2), the high viral dose
used for these experimentsled to significant mortality among both
mice infected with wild-type virus and mice infected with AM33
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 AM33 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 AM33 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
AM33 virus exhibited a mildly defective phenotype (Fig. 4C). At
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this intermediate day 8 time point, K181 titers were 2.1 X 10°
PFU/g, whereas AM33 titers were 2.7 X 10* 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 AM33 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 MCMYV infection has been established (at 8
days postinfection). Taken together, these results indicate that the
AM33 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 AM33 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 AM33 virus from the salivary gland
of NSG mice (Fig. 4C) provided us with the appropriate reagent to
ask whether salivary gland stocks of AM33 virus maintain the
phenotype of the tissue culture stocks of the AM33 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 AM33 virus would be-
have differently than tissue culture-derived stocks, we infected
NSG mice with 1 X 10* PFU of salivary gland-derived K181 or
AM33 virus and analyzed viral growth in the spleen, liver, and
salivary gland at 14 days postinfection (Fig. 4E). Compared to
wild-type K181, the AM33 virus remained severely defective in
salivary gland growth using this approach, indicating that the
changes that occur in MCMYV following salivary gland growth do
not impact the observed M33 phenotype.

Immunohistochemical analysis indicated that the reduced
AM33 titers correlate with areduction in the number of infected
cells. Since our data indicate that the AM33 virus can reach the
salivary gland but replicates with reduced efficiency once it is in
the gland, we would expect to find AM33 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 X 10° PFU) of K181 or AM33 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 Image] 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 AM33, we observed M44 expression in ~0.2% of DAPI-
stained cells (1 in 500). Similar results were obtained when using
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FIG 4 High-dose infection in NSG mice indicates that the AM33 virus can reach the salivary gland but fails to replicate efficiently once in the gland. NSG mice
were infected intraperitoneally with 1 X 10° PFU of the indicated viruses. At4, 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 (10°> 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 ¢ test. *, P < 0.05; ***, P < 0.001.

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 AM33 virus-infected
animals, the AM33 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 AM33 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 MCMYV spread
within the salivary gland. In order to more carefully examine
viral replication in salivary glands in vivo and gain some insight
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into the mechanisms involved in MCMYV spread within the gland,
we designed K181 and AM33 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 AM33-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
AM33-GFP virus resulted in high levels of GFP expression,
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FIG 5 M33-null MCMVs enter the gland but exhibit reduced numbers of early antigen-positive cells. NSG mice were infected intraperitoneally with 1 X 10° PFU
of the indicated viruses. At 12 days postinfection, salivary glands were harvested, fixed in 4% paraformaldehyde, and sectioned. Sections of 4 um were used for
immunohistochemistry. (A) K181-infected or AM33-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 Image] 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 ¢ test. ***, P < 0.001.

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 AM33-GFP viruses (1 X 10° PFU) and viral growth in
the spleen and salivary gland was examined (Fig. 6B). Infection
with K181-GFP and AM33-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
AM33-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 AM33 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 AM33-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 AM33 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
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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 AM33-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 MCMYV 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 AM33 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 AM33
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 AM33 viruses. We observed that following an intra-salivary
gland infection of NOD mice, K181 and AM33 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 AM33 virus failed to reach similar viral titers. This resulted in
a significant difference in viral titers between wild-type and AM33
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in NTH 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 X 10° 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 wm 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 ¢ test. ***, P < 0.001.

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 AM33 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 AM33 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 AM33 viruses tagged with GFP were then di-
rectly injected into the salivary gland, and at 14 days postinfection,
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tissue sections were examined for GFP expression (Fig. 8). The
distribution of infected cells was visualized by confocal micros-
copy and enumerated by NIH Image]J software. The data indicate
that cell-free AM33 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 AM33 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
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FIG 7 M33 isrequired 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 X 10° PFU of K181 and AM33 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 ¢ test. ¥, P < 0.05.

replicate and spread in the salivary gland epithelium is not due to  less efficiently once they are localized within the salivary gland in
an inherent defect in the ability of AM33 virus to transfer from the ~ vivo, we sought to examine AM33 virus replication in primary
infected blood leukocytes into the gland. salivary gland explants ex vivo. Salivary glands were excised from

M33 is dispensable for MCMYV replication in primary sali-  3- to 6-week-old mice and digested with dispase-collagenase, and
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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 X 10° PFU of GFP-tagged K181 or AM33 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 Image]J software.
Statistical analyses were performed using an unpaired ¢ 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 (Amyl), 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 AM33 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 AM33 virus replicated to levels similar to those of K181 virus
in primary cells infected ex vivo (Fig. 9C). Thus, while the AM33
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 MCMYV 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 AM33-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 MCMYV 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 AM33 virus
within the mouse salivary gland, which was not possible with im-
munocompetent strains of mice. Using this model, we determined
that the AM33 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 AM33 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 AM33 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 AM33 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
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perhaps lead to the increased movement of AM33 virus to the
salivary glands. While it is clear that the growth of the AM33 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 AM33
virus to reach the gland, thus facilitating our studies, from which
we conclude that the AM33 virus exhibits a defect in growth
within the gland itself. This conclusion that the AM33 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 AM33 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 AM33 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 AM33 virus was unable to grow in the
salivary gland after an intraperitoneal infection, both wild-type
and AM33 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 AM33 virus from initial sites of infection, like the
spleen, is not directly responsible for the subsequent growth defect
of AM33 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
aGagyyq-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 Gey,; in these
in vitro studies comes from using mouse embryonic fibroblasts
devoid of Gagy; (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 Ga,q, is truly required for in vivo function remains
unclear. Experiments aimed at defining a requirement for M33
coupling to Gay, are difficult, as Gy, ;-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 Ge,;; 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 M33is notrequired 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, Amy], and B-actin. dH,0, distilled H,O; Salivary gland,
RNA directly isolated from salivary gland tissue. (C) Salivary gland clusters were then infected with wild-type (WT) MCMV (K181) or MCMYV with an M33
deletion (AM33) 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 AM33-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 H,O, 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 MCMYV 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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