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Abstract The salivary glands (SG) provide a haven for
persistent cytomegalovirus replication, and in this regard
are a privileged site of virus immune evasion. The murine
cytomegalovirus (MCMV) model has provided insight into
the immunological environment of the SG and the unqiue
virus–host relationship of this organ. In response to MCMV
infection, a robust T cell-mediated immune response is elic-
ited, comprised predominantly of CD8+ T cells that pheno-
typically and functionally appear activated. However, they
fail to clear virus by an unknown evasion mechanism that is
independent of inhibitory NKG2A- or Programmed Death
1-mediated signaling. Virus is eventually eliminated from
the SG by eVector CD4+ T cells expressing antiviral cyto-
kines. However, this mechanism is severely dampened by
high levels of the immunosuppressive cytokine IL-10,
selectively expressed by SG CD4+ T cells.
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Introduction

Herpesviruses use a variety of strategies to maintain their
existence within the human population through transmis-
sion from acutely or latently-infected persons to nonin-
fected individuals. Human cytomegalovirus (HCMV) is
eYciently spread through contact with mucosal secretions
containing infectious virus. These include saliva, semen,

vaginal and cervical secretions, and breast milk. There are
two features of mucosal shedding of HCMV that are of par-
ticular epidemiological signiWcance. One is the prolonged
secretion of virus in saliva (as well as urine) for months fol-
lowing an acute, primary infection. This is best exempliWed
by reports that as high as 78% of toddlers attending day
care centers in the United States shed HCMV in saliva for
up to 2 years, and consequently, seronegative day care pro-
viders and mothers of infected children have annual infec-
tion rates ten times higher than expected [1–5].

A second feature is the intermittent and clinically unap-
parent excretion of reactivated virus in saliva, semen, cervi-
cal and vaginal secretions, and breast milk from latently-
infected persons who have demonstrable immunity to
HCMV. HCMV DNA was detected in 8.7% of semen sam-
ples from healthy infertility patients, the highest among all
sexually transmitted viruses [7], and in approximately 3%
of cryopreserved semen samples for sperm donations [8].
The percentage increases to as high as 65% in a subpopula-
tion of HIV infected, antiretroviral therapy-naïve men [55].
HIV-infected persons, as well as transplant patients, also
excrete HCMV in saliva at elevated frequencies (31 and
45%, respectively) [13, 40]. Particularly high is the fre-
quency of HCMV isolated from or detected in breast milk
of lactating, seropositive mothers. In fact, nearly all HCMV
seropositive women will reactivate and shed virus during
lactation [53]. Breast-milk acquired HCMV is clearly a
source of transmission to the neonate who, if preterm, may
experience at least transient disease [38, 43, 44, 61].

From the above, it is evident that the virus–host relation-
ship at oral and genital mucosal sites is central to the patho-
genesis and epidemiology of this clinically important virus.
Also evident is the fact that the immune response to the
virus at mucosal sites may be diVerent from systemic
immunity in that clearance is protracted and the incidence
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of reactivation is high. This review will focus on the
immune response to cytomegalovirus in salivary glands
(SG), with an emphasis on the mouse model using murine
cytomegalovirus (MCMV). It is likely that at least some of
the Wndings from studies of SG extend to other mucosal
sites, particularly the mammary gland. Our laboratory
attempted to extend this model to genital mucosa as well.
However, repeated attempts to establish infection via the
vaginal route in susceptible BALB/c mice were unsuccess-
ful. This review will discuss the unique immunological fea-
tures of the cellular response to virus in SG and potential
reasons for immune evasion. Unless otherwise stated, the
term “salivary glands” refers collectively to the parotid,
sublingual, and submandibular glands. At least in BALB/c
mice, each of these glands possess both eVector and regula-
tory cells as components of salivary immunity [45].

Immunological features of the cellular immune 
response to MCMV in salivary glands

The murine model of CMV infection has demonstrated that
SG are a unique site in regards to virus–cell interactions.
Virus is seeded at this site as a consequence of secondary
viremia, with blood monocytes playing a major role in
MCMV dissemination [57]. This process may be assisted
by the extraordinarily high rate of blood Xow through SG
tissue, due to an abundant capillary supply [30]. By
2 weeks post infection of the gland, intranuclear eosino-
philic inclusion bodies, nuclear enlargement, and peripheral
margination of chromatin are widely evident in glandular
epithelial cells, accompanied by inWltrates of interstitial
mononuclear cells [11]. In spite of the inXammatory
response, this gland supports a chronic infection, with
infectious virus replicating for months after virus is cleared
from all other target organs. Persistent virus is selectively
sequestered in vacuoles of glandular acinar epithelial cells
[26]. Thus, a mysterious hallmark of SG infection is the
immunological privilege bestowed upon the glandular epi-
thelial cells that protects them from certain antiviral eVector
functions.

The eventual elimination of replicating virus from SG is
independent of CD8+ T cells and is mediated, directly or
indirectly, by CD4+ T cells [23]. Long term depletion of
CD4+ T cells from BALB/c mice results in persistence of
virus in the glandular epithelial cells of SG, where virus
titers remain elevated (106 PFU/gland) for over 5 months.
CD4+ T cell-independent, antiviral CD8+ T cells are gener-
ated in these mice, and are eVective in eliminating virus
from other target organs, such as spleen and lung, and from
Wbroblasts within the SG [26]. CD4+ T cells mediate their
protective function through a combination of TNF� and
IFN�, as revealed through cytokine neutralization assays

[32, 46]. These cytokines could have direct antiviral activ-
ity, and/or could assist in the activation or recruitment of
other eVector cells. Virus titers in the SG are enhanced sig-
niWcantly by treatment of the host with anti-NK1.1 [48] or
anti-asialo GM1 antibodies [10]. Thus, it is possible that the
CD4+ T cells provide direct antiviral functions but also
serve a regulatory function in mediating NK cell-like anti-
viral activities.

This potential scenario is similar to the situation where
BALB/c and C57BL/6 mice depleted of CD8+ T cell func-
tion by administration of anti-CD8 antibody or by deletion
of the beta-2 microglobulin (�2m) gene, respectively,
mount a surprisingly robust antiviral immune response that
eVectively eliminates MCMV from spleen, lung, and even-
tually SG, with kinetics similar to control or wild-type mice
[26, 27]. In these studies, eVective viral clearance was med-
iated by CD4+ T cells that were necessary but not suY-
cient. Thus, in certain circumstances, CD4+ T cells, in
cooperation with another cell type, can exert antiviral func-
tions equivalent to CD8+ CTL. Interestingly, the second,
cooperating cell type may be diVerent depending on the tar-
get organ. In the �2m knock-out (KO) mice, treatment with
anti-NK1.1 antibody curtailed virus clearance in SG, but
not spleen or lungs, where the cooperating eVector cell
remains undeWned. More recently, a compensatory role of
CD4+ T cells and NK cells has been described for immu-
nity to melanoma, a tumor for which CD8+ CTL are neces-
sary for immunity in immunocompetent mice. When mice
are primed with melanoma antigen in the absence of CD8+
T cells, protection from tumor is eVectively mediated by a
synergy between an IFN-producing CD4+ T cells and cyto-
lytic NK cells [49, 50]. In summary, MCMV-infected epi-
thelial cells within the SG are uniquely “resistant” to CD8+
CTL, but virus within these cells is eventually eliminated
by the synergistic action of CD4+ T cells and a second
cooperating cell type with an NK-like phenotype. How
these CD4+ T cells and NK-like cells compare, phenotypi-
cally and molecularly, to the compensatory cells generated
in the absence of CD8+ T cells is a most intriguing ques-
tion. As a Wnal note, numerous studies have demonstrated
that antibodies do not have a role in clearance of MCMV
from any target organ, including the SG [23].

It appeared logical that CD4+ rather than CD8+ T cells
were protective in SG because the immunological environ-
ment of the mouse SG favors antibody production and a
predominantly Th2 response. Indeed, the repertoire of lym-
phocytes in SG of uninfected mice is signiWcantly diVerent
from peripheral or central lymphoid organs. The immuno-
logical environment of the submandibular salivary gland
(SMG) mimics somewhat that of the gut in that IgA
responses are favored; in fact, B cells in the SMG almost
exclusively produce IgA [35–37]. Approximately half of
the mononuclear cells are CD3+ T lymphocytes, equally
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divided between CD4+ and CD8+ T cells [36]. This ratio
diVers from that of the gut or even the draining periglandu-
lar and cervical lymph nodes, where CD4+ T lymphocytes
predominate over CD8+ cells. There is a higher ratio of
Th2 to Th1 CD4+ T cells in the SMG than in spleen or
lymph nodes [36]. In the gland, cells producing IL-5 (a
cytokine required for IgA production) exceed those produc-
ing IFN�. Furthermore, a high percentage (6–10%) of SMG
T cells is negative for both CD4 and CD8 antigens (double
negatives). All of these double negative cells express the
gamma/delta (�/�) T cell receptor. In addition to the double-
negative cells, 25% of CD8+ T cells in the SMG express �/
� T cell receptors, as opposed to the exclusively alpha/beta
(�/�) T cell receptors on CD4+ and CD8+ T cells in the
draining lymph nodes [36]. The extent to which this charac-
terization of resident SMG immune cells is inXuenced by
mouse strain is unknown; nevertheless, it renders an appre-
ciation for organ-speciWc diVerences in immunity that
likely inXuence the response to pathogens.

Based on the above Wndings, the immune response to
MCMV in the SMG was assessed by isolating, phenotyp-
ing, and characterizing the mononuclear cells that inWltrate
the gland at various times post infection. When BALB/c
mice are administered a high dose of virus, titers in the
SMG reach 107–108 PFU/ml from 14 to 21 days post infec-
tion, and by day 28 drop only 1 log10. Virus also replicates
in the lymph nodes draining the SG, the cervical and peri-
glandular lymph nodes. However, virus titers at this site
peak at day 14 post infection, then decline and become
undetectable by day 28 post infection. Thus, comparisons
can be made between the immune response in the lymph
nodes, where virus is cleared, and the response in the adja-
cent SMG, where virus persists.

Using this model, we found that the BALB/c SMG
mounts a surprisingly robust CD8+ T cell response to
MCMV infection [11] (Table 1). The CD8+ T cells are acti-
vated and produce IFN� ex vivo and in response to virus
stimulation. There is a high frequency of virus (IE1)-spe-
ciWc T cells, as identiWed by tetramer staining, through at
least 28 days post infection. These MHC class I-restricted
CTL are cytolytic for MCMV-infected Wbroblasts ex vivo.
Other eVector or regulatory cells that are increased in num-
bers in response to infection include (in order of abun-
dance): NK T cells, CD4+ T cells, CD4+CD25+ T cells,
TCR �/� T cells, and DC (including plasmacytoid DC). At
least at the level of RNA, SMG mononuclear cells pro-
duced an abundance of IFN�, IL-10, MIP1�, and RANTES.
In comparison, CD4+ T cells dominated the draining lymph
nodes, where the frequency of IE1 TCR+ CD8+ T cells was
lower (Table 1) and RANTES was the only chemokine or
cytokine detectable at the level of RNA [11]. Therefore,
MCMV replication persists in the SMG in the face of a
robust response composed of activated CTL, NK T cells,

and sources of potential antiviral cytokines. It should be
noted that this response to MCMV is not restricted to the
BALB/c strain. Selective phenotypic analyses were per-
formed on mononuclear cells isolated from the SMG of
C57BL/6 mice (unpublished data). CD8+ T cells were
dominant over CD4+ T cells at day 14 post infection (64%
compared to 32%, respectively). Compared to the draining
lymph nodes at this time point, there was a sevenfold
increase in CD3¡ NK cells, a fourfold increase in CD8+ �/
� TCR+ cells and a twofold increase in CD3+ NK T cells.
These results corroborate the many earlier studies docu-
menting CD8+ T cell-independent control of MCMV in
SG, and demonstrate that this independence is not due to an
inability of CTL to inWltrate SG or to become activated.

CD8+ CTL control of MCMV replication in SG cannot be
totally dismissed, however. There may be individual target
cells within this organ, such as Wbroblasts, that are suscepti-
ble to CTL-mediated killing or to IFN�-mediated antiviral
functions of CTL. Indeed, virus infection of connective tissue
Wbroblasts within SG has been observed in severely immuno-
deWcient mice, but not hosts with intact immunity [26]. In
addition, mutant MCMV deleted of immune evasion genes
that downregulate MHC class I (m06, m152) replicates to
lower titers (approximately 1 log10) in SG than WT virus due
to CD8+ T cell-mediated immune clearance [31]. This may
reXect CTL control of virus in selective cell populations.

Table 1 Characteristics of the immune response to MCMV in the sub-
mandibular gland (SMG) compared to the draining lymph nodes (LN)
14 days post infection of BALB/c mice

Data are from Refs. [11, 12]
a Percentage of CD8+TCR�/�+-gated cells co-expressing CD8 and
IE1 TCR
b Percentage of CD3+CD8+-gated cells co-expressing IE1 TCR and
NKG2A
c Percentage of total IFN�-producing CD3+ cells that produced IFN�
in response to MCMV-infected stimulator cells
d Percentage of CD11c+I-Ad+-gated cells co-expressing CD11b and
CD8�
e Draining lymph nodes include a pool of periglandular and cervical
lymph nodes

SMG (%) LNe (%)

CD4+TCR�/�+ 18 60

CD8+TCR�/�+ 81 25

IE1 TCR+a 9 2

NKG2A+b 93 0

CD4+CD25+ 13 9

CD3+panNK+ 23 1

CD3+TCR�� 4 0.7

MCMV IFN�+c 25 87

CD11c+I-A+ 15 0.6

CD11b+CD8�+d 23 14
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Thus, the immunological privilege associated with persistent
MCMV in SG may apply to a selective cell population, such
as acinar epithelial cells.

NKG2A and PD-1 receptors as potential inhibitors 
of CTL function in salivary glands

One potential explanation for the inability of CD8+ CTL to
clear virus from the SMG of a naïve host is that these eVec-
tor cells receive inhibitory signals from surface receptors
such as NKG2A or Programmed Death 1 (PD-1), both of
which downregulate the antiviral responses of CD8+ T
cells during some persistent viral infections. For example,
upregulation of CD94/NKG2A on polyoma virus-speciWc
CTL results in downregulation of their antigen-speciWc
cytotoxicity [42]. Neurons latently-infected with HSV are
protected from cytotoxicity by CD94/NKG2A expressed on
virus-speciWc memory CD8+ T cells [58]. However,
expression of this receptor has no eVect on the cytotoxic or
cytokine producing functions of lymphocytic choriomenin-
gitis virus (LCMV)-speciWc CTL [34, 39]. In addition to
inXuencing cytolytic activity, CD94/NKG2A expression
dramatically reduces apoptotic cell death in CD8+ T cells,
thus permitting survival and contributing to clonal expan-
sion and the size of memory pools in vivo [21]. At a mini-
mum, expression of NKG2A on MCMV-speciWc T cells
has been used as a sensitive marker for antigen-experienced
T cells [20]. Collectively, the data indicate that CD94/
NKG2A expression could inXuence either CTL cytotoxic-
ity or maintenance within the SMG, or merely reXect the
activation state of these cells.

We therefore examined the extent to which CD94/
NKG2A expression on CD8+ T cells within the SMG inXu-
enced MCMV persistence. Rationale for these experiments
was the fact that 93% of virus-speciWc SMG CTL express
the receptor CD94/NKG2A and that the ligand for CD94/
NKG2A, a non-classical MHC class I molecule Qa-1b, is
upregulated by infection of SG tissue [12]. However, the
presence of the receptor has no inXuence on the rate of
virus clearance from the SMG [12]. This conclusion is
based on studies using mice genetically devoid of surface
CD94/NKG2A. The DBA/2 strain of mice from Jackson
Laboratories, but not from several other commercial ven-
dors, does not express the CD94 gene naturally and there-
fore lacks surface CD94/NKG2A receptors [59]. This
phenotype is associated with a functional defect in the abil-
ity of NK cells to lyse Qdm/Qa-1b expressing target cells in
vivo [25]. Accordingly, DBA/2 mice from Jackson Labora-
tories (CD94¡) and from Charles River Laboratories
(CD94+) were infected with MCMV, and virus titers were
quantitated in the SMG on days 4, 7, 14, 21, and 28 after
infection. MCMV titers diVered between the two strains

only on day 7 following infection, where the titers of
CD94¡ Jackson mice were approximately 1 log10 less than
that of the CD94+ Charles River mice. By day 14, virus
titers in both strains were nearly identical, and remained
similarly elevated through day 28 post infection. The diVer-
ence in virus titers at day 7 post infection is likely due to
variations in the genetic background of the two strains and
not to the presence of CD94, as transgenic Jackson mice
“reconstituted” with CD94 had similar virus titers on day 7
post infection as their CD94¡ littermates [12]. It is quite
possible that at the cellular level, individual CTLs may
receive an inhibitory signal through engagement of an
NKG2A receptor with Qa-1b expressed on an infected tar-
get cell. However, this mechanism clearly does not account
for the failure of virus-speciWc CTLs as a population to
clear persistent virus from SMG.

Engagement of the receptor PD-1 on T cells with its
ligands PD-L1 or PD-L2 can also dampen T cell-mediated
immune responses to antigen. This receptor–ligand interac-
tion functions to prevent autoimmunity and perhaps
immune-mediated tissue damage during infections [28, 54].
However, during chronic viral infections, such as LCMV,
human immunodeWciency virus, and hepatitis C virus, PD-
1/PD-L1 interactions lead to T cell exhaustion, such that
virus-speciWc CD8+ T cells are incapable of clearing virus
[6, 19]. There is in fact a positive correlation between the
density of PD-1 expression on T cells and antigen load,
with low PD-1 expression on T cells and low antigen load
during acute infection when fully functional T cells are
present, to high PD-1 expression on T cells within the envi-
ronment of high antigen load during a persistent infection.
Gradations in the density of PD-1 expression, antigen load,
and degree of exhaustion exist between these two extremes.
For example, partial exhaustion of T cells is exhibited by
the absence of IL-2 production and CTL lytic function,
with declining IFN� and TNF� production. Full exhaustion
is characterized by the absence of each of these cytokines,
no CTL lysis, lack of proliferation, and a high degree of T
cell apoptosis [19]. Because PD-1 is upregulated by anti-
gen-activation of T cells, this receptor is also considered a
marker of T cell activation. During persistent viral infec-
tions, therefore, one must distinguish between PD-1 as an
indicator of T cell exhaustion that contributes to virus per-
sistence, or PD-1 as an activation marker that is sustained
due to persistent viral antigen and therefore T cell activa-
tion. This important distinction can be made by quantitating
the amount of IL-2, TNF�, and IFN� produced by virus-
speciWc T cells, their proliferative potential, and their cyto-
lytic function. Furthermore, restoration of the above T cell
functions and eVective viral clearance upon administration
of blocking antibodies to PD-1 or PD-L1 is deWnitive proof
of the negative regulatory function of this receptor–ligand
interaction [6, 19].
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In order to determine if PD-1/PD-L1 interaction contrib-
utes to persistent MCMV infection of the SMG, we Wrst
assessed the expression of PD-1 on MCMV-speciWc CD8+
T cells within the SMG at day 21 post infection, a peak time
of virus persistence in this gland. The results indicated that
73% of IE1-tetramer positive cells expressed surface PD-1
(Fig. 1). Expression of this molecule could simply be an
indication of T cell activation, as 97% of tetramer+ cells
were CD44+ (Fig. 1). Alternatively, PD-1 expression could
signify that T cells were experiencing exhaustion. If this
were the case, these cells were not fully exhausted. The per-
centage of IE1 tetramer+ CD8+ T cells increased from day
21 to day 28 post infection [11], a Wnding incompatible with
either anti-proliferation or apoptosis. SG-derived CD8+
CTL were cytolytic, at least ex vivo, and MCMV-speciWc T
cells produced IFN� at 21 days post infection. However,
compared to cells in the draining lymph nodes, the percent-
age of cells producing IFN� in response to viral antigens in
the SMG was signiWcantly lower. In the cervical and peri-
glandular lymph nodes, from which virus is cleared, 87% of
cells capable of producing IFN� did so in response to stimu-
lation with MCMV-infected cells (Table 1) [11]. In the

SMG, only 25% of all cells capable of producing IFN� did
so upon virus stimulation. This may be indicative of declin-
ing IFN� production, perhaps signifying at least partial
exhaustion mediated by PD-1/PD-L1 interaction.

In order to functionally test the signiWcance of the above
Wndings, we blocked PD-1/PD-L1 interactions in vivo by
administration of anti-PD-L1 antibody, according to previ-
ously published procedures [6]. Compared to administration
of isotype-matched control antibody, there was no signiW-
cant diVerence in the rate of viral clearance, with nearly
identical virus titers on days 14, 21, 28, and 35 post infec-
tion (Fig. 2). We therefore conclude that expression of PD-1
on MCMV-speciWc CTL reXected T cell activation, and that
PD-1/PD-L1 interactions did not contribute signiWcantly to
T cell exhaustion and virus persistence in this organ.

IL-10 as a potential inhibitor of antiviral activity
in salivary glands

One striking observation reported by Cavanaugh et al.
[11] is the high level of expression of IL-10 RNA from

Fig. 1 PD-1 and CD44 expression on MCMV-speciWc CD8+ T lym-
phocytes. Male BALB/c mice (6 weeks of age) were infected intraper-
itoneally with 4 £ 103 PFU of virulent, salivary gland-passaged
MCMV, and their submaxillary salivary glands (SMG) and draining
lymph nodes (LN) were harvested on day 21 post infection. Leuko-
cytes were isolated from these tissues and MCMV-speciWc CD8+ T
lymphocytes were identiWed by Xow cytometry using a tetrameric
complex of mouse H-2Ld and a nonapeptide from MCMV pp89 as pre-
viously described [12]. Peptide-speciWc CD8+ T cells (circled in top
and bottom left panels) were further analyzed for surface expression of

PD-1 (clone J43, BD Biosciences) and CD44 (clone IM7, BD Biosci-
ences). The data represented in the left dot plots is that of gated CD3+
T cells expressing CD8� and the tetramer, and the percentages indicate
the proportion of CD8+ T cells that are peptide-speciWc. The data rep-
resented in the middle (top and bottom) and right (top and bottom) dot
plots is that of gated tetramer-positive CD8+ T cells expressing PD-1
and CD44, respectively. Percentages in parentheses are adjusted num-
bers corrected for nonspeciWc staining of isotype-matched control anti-
bodies (data not shown)
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mononuclear cells isolated from the SMG of MCMV-
infected BALB/c mice. Selective expression of IL-10 in
this tissue was evident as early as day 6 post infection, with
signiWcant elevation by day 14 post infection. In contrast,
IL-10 RNA was undetectable by RNase protection in the
spleen and draining lymph nodes at either time post infec-
tion, suggesting tissue-selective expression of this cytokine
in response to MCMV. The extent to which the cytokine
RNA levels correlate with protein expression was not deter-
mined in these experiments, as the quantity of IL-10 pro-
duced by individual mononuclear cells, in the absence of in
vitro stimulation, was below the level of detection by intra-
cellular cytokine staining.

It is logical to speculate that IL-10 may exert suppressive
eVects on the clearance of MCMV selectively from the SG
because IL-10 preferentially inhibits CD4+ T cell, as well
as monocyte/macrophage, functions [41]. Studies have
clearly shown that antiviral functions mediated by CD8+
T cells that are CD4+ T cell-dependent, such as those con-
trolling persistent LCMV infection [33], are adversely
aVected by IL-10 [9, 18]. However, IL-10 enhances the

proliferation, diVerentiation, and cytokine activity of CD8+
T cells and NK cells [41]. Because anti-MCMV CTL
induction and maintenance is independent of CD4+ T cells
[26], IL-10 expression may not explain why MCMV-spe-
ciWc CTLs fail to clear virus from the glands, but may inXu-
ence the overall antiviral potency of the eVector CD4+ T
cells.

Indeed, a recent study has shown that IL-10 induced in
response to MCMV infection of the SG of C57BL/6 mice
suppresses clearance of the virus from this mucosal site
[24]. IL-10 is produced selectively within SG and predomi-
nately by CD4+ T cells lacking the phenotype of conven-
tional Th2 or naturally occurring T regulatory cells.
Importantly, in vivo blockade of IL-10 signaling using
antagonist anti-IL-10 receptor antibodies enhances IFN�
production by CD4+ T cells and promotes clearance of
infectious virus from the glands, even when the antibodies
are administered subsequent to virus infection. The investi-
gators hypothesize that IL-10 likely functions by suppress-
ing expression of co-stimulatory ligands and/or antiviral
cytokines by antigen-presenting cells. Thus, IFN� produced
speciWcally by CD4+ T cells and negatively regulated by
IL-10 may be a critical determinant in controlling MCMV
replication in SG. The extent to which IL-10 directly or
indirectly regulates CTL function in this gland remains
unknown.

We used another approach to assessing the function of
IL-10 in MCMV clearance from CD4+ T cell-dependent
and -independent organs by assessing virus titers in BALB/
c IL-10 KO mice. Surprisingly, the KO mice were more
susceptible to MCMV infection than wild-type control
mice, such that by day 7 post infection, all IL-10 KO mice
had either succumbed to infection or were moribund and
therefore sacriWced. Virus titers in the SMG were lower in
the IL-10 KO mice even at this early time post infection
(Fig. 3). These data are in agreement with the above pub-
lished study indicating that virus is cleared more eYciently
in the absence of IL-10. However, this model using KO
mice must consider the fact that these animals may be com-
promised in the ability of monocytes to traYc to SG, the
primary means by which virus seeds this organ. Indeed, IL-
10 modulates expression of chemokine receptors on at least
human monocytes, with reports of IL-10 mediated upregu-
lation of CCR2, CCR5, and CXCR4 [14, 16, 47, 56, 60]. It
is possible therefore that in the absence of IL-10, less virus
entered the SG, as opposed or in addition to more rapid and
eYcient viral clearance.

In contrast, MCMV titers in the livers of the KO mice
were nearly 3 log10 higher compared to wild-type animals
(Fig. 3), and this likely contributed to their rapid death. In
this organ, virus replication is controlled by NK cells as
well as CD8+ T cells [15, 17, 22, 29, 51, 52]. These data are
consistent with reports that IL-10 enhances the growth and

Fig. 2 MCMV titers in SMG of infected mice treated with anti-PD-L1
blocking antibody. Adult male BALB/c mice (6 weeks of age) were in-
fected intraperitoneally with 4 £ 102 PFU of virulent, salivary gland-
passaged MCMV. Beginning on day 7 following infection, 200 �g of
rat anti-mouse PD-L1 (clone 10F.9G2), or rat IgG2b isotype control
(Bio Express, West Lebanon, NH, USA) were administered intraperi-
toneally every third day through day 35 post infection as previously de-
scribed [6]. Groups of four to six mice in each treatment group were
sacriWced on days 14, 21, 28, and 35 after MCMV infection, and their
SMG were harvested. Viral titers in the SMG were determined by stan-
dard plaque assays. The results are presented as the log10 of infectious
MCMV per milliliter of tissue homogenate with standard error bars.
The limit of detection was 101 PFU/ml
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function of these eVector cells [41]; thus, the lack of IL-10
may have compromised antiviral activities in this organ.
These data suggest that IL-10 may have diVerential eVects
within speciWc organs depending on the CD4+ T cell
dependence of antiviral activities. The MCMV model of
infection appears to be unique in the fact that the SG are a
CD4+ T cell-dependent organ, hence negatively regulated
by IL-10, while the other major target organs are more NK
and/or CD8+ T cell dependent with respect to viral clear-
ance and therefore positively (or at least not negatively)
inXuenced by IL-10. In support of this, virus titers in other
target organs such as lung and intestines were nearly identi-
cal between wild-type and IL-10 KO mice (data not
shown).

Summary

It is evident from the above data and review of the literature
that at least two diVerent evasion strategies are operative
within SG of MCMV-infected mice. First, a robust CD8+
CTL response is elicited at this mucosal site; however,
infected epithelial cells are apparently refractory to CTL-
mediated antiviral eVector functions. This brings us back to
a suggestion made many years ago that acinar epithelial
cells of the SG may be inherently resistant to CTL eVector
functions, perhaps due to aberrant antigen processing and/
or presentation in these target cells [24]. Eighteen years
later, this hypothesis still requires testing. Immortalized
mouse SG epithelial cell lines [12] that are highly permis-
sive for MCMV replication process and present, to some
extent, MCMV peptides to CTL (unpublished data). How-
ever, these cells may not be reXective of those within the
microenvironment of the SG.

A second evasion strategy is mediated by IL-10 produc-
ing CD4+ T cells within the glands [24]. Although some as-
yet-undeWned subpopulation of CD4+ T cells eventually
mediates antiviral functions at this mucosal site, IL-10

exerts immunosuppressive activity that results in delayed
viral clearance. The two evasion strategies may function
independently or perhaps in a causal relationship to provide
eYcient transmission of the virus while sparing the well
being of the host.
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