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Abstract
Natural transmission of cytomegalovirus (CMV) has been difficult to observe. However, recent work using the mouse model 
of murine (M)CMV demonstrated that MCMV initially infects the nasal mucosa after transmission from mothers to pups. 
We found that intranasal (i.n.) inoculation of C57BL/6J mice resulted in reliable recovery of replicating virus from the nasal 
mucosa as assessed by plaque assay. After i.n. inoculation,  CD8+ T-cell priming occurred in the mandibular, deep-cervical, 
and mediastinal lymph nodes within 3 days of infection. Although i.n. infection induced “memory inflation” of T cells 
specific for the  M38316–323 epitope, there were no detectable  CD8+ T-cell responses against the late-appearing  IE3416–423 
epitope, which contrasts with intraperitoneal (i.p.) infection. MCMV-specific T cells migrated into the nasal mucosa where 
they developed a tissue-resident memory  (TRM) phenotype and this could occur independently of local virus infection or 
antigen. Strikingly however, virus replication was poorly controlled in the nasal mucosa and MCMV was detectable by 
plaque assay for at least 4 months after primary infection, making the nasal mucosa a second site for MCMV persistence. 
Unlike in the salivary glands, the persistence of MCMV in the nasal mucosa was not modulated by IL-10. Taken together, 
our data characterize the development of local and systemic T-cell responses after intranasal infection by MCMV and define 
the nasal mucosa, a natural site of viral entry, as a novel site of viral persistence.
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Introduction

Human cytomegalovirus (HCMV) is a β-herpesvirus that 
establishes a persistent/latent infection in the majority of 
the worldwide population. In immune-competent individuals 

infected after birth, HCMV infection is generally asympto-
matic and the virus persists for life without inducing obvious 
morbidity. However, HCMV infection or reactivation from 
latency causes severe complications in immune-compro-
mised patients including organ damage, graft rejection and 
death [1]. In addition, HCMV causes a common congenital 
infection and transplacental transmission from mother to 
baby can result in disseminated HCMV disease in the baby 
as well as infection of the central nervous system resulting 
in long-term neurological sequelae including hearing loss, 
vision impairment and developmental delays [2]. Thus, an 
understanding of HCMV transmission and dissemination 
from the site(s) of entry is critical to develop treatments or 
vaccines that can interrupt HCMV pathogenesis.

HCMV is shed in saliva, urine and breast-milk for pro-
longed periods of time, even in immune-competent hosts, 
and these are thought to be important sources of infectious 
virus for transmission to a new host [2, 3]. Moreover, HCMV 
can be reactivated from latency and infectious particles can 
be shed even long after the primary infection. However, 
defining the site(s) of entry into a new host has proven to be 
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more difficult since primary HCMV infection in immune-
competent people is usually clinically silent or produces only 
mild symptoms. Oral and nasal routes of entry have been 
proposed as natural routes of infection (e.g., [4–6]) but the 
evidence for either the oral mucosa or nasal mucosa as sites 
of entry is indirect in humans and no primary infection site 
has been clearly identified.

Due to the strict-species specificity of CMVs, HCMV 
cannot be studied in experimental animals. Fortunately, 
several related viruses have been studied in their natural 
hosts including Rhesus (Rh)CMV, guinea pig (GP)CMV, 
murine (M)CMV, and rat (R)CMV with MCMV being the 
most widely used [7]. Although these animal viruses are 
not identical to HCMV, their host/pathogen relationship is 
remarkably similar to that established by HCMV in humans 
and they have provided excellent models for understanding 
HCMV pathogenesis and immunobiology.

In animal models, oral infection has been demonstrated 
by gavage of neonatal (6 day old) mice with MCMV [8] or 
oral inoculation of infant macaques with RhCMV [9]. Inter-
estingly however, infant macaques were more susceptible to 
oral inoculation than adults in this study and experimental 
gavage of adult mice was unable to produce infected cells 
in the gastrointestinal tract [10], or any immune response 
indicative of infection [11]. Thus, oral infection may be inef-
ficient. Consistent with this, CMVs are sensitive to low pH 
such as would be found in the stomach [12]. It is possible 
that the oral mucosa could serve as a site of entry, although 
this has not been directly shown. Moreover, the oral cavity 
and nasal cavity are directly connected via the back of the 
mouth and both tissues could be exposed to any fluid in the 
mouth, which may be especially difficult to avoid in experi-
mental settings in which neonates are inoculated with high 
doses of virus in solution. In contrast, intranasal inocula-
tion of MCMV robustly establishes infection and olfactory 
neurons have been identified as primary sites of entry in the 
nasal mucosa [13, 14]. Most importantly, a recent report 
showed direct evidence for MCMV infection of the nasal 
mucosa after natural transmission from infected mothers 
to pups [13]. Collectively, these data suggest that the nasal 
mucosa is a major, and likely predominant site for natural 
CMV entry.

Over the past 6 decades, most research with MCMV 
has been done by introducing the virus via intraperitoneal 
(i.p.), intravenous (i.v.) or foot-pad (f.p.) inoculation. Each 
of these routes involves mechanically breaking the bar-
rier tissue. Moreover, while i.p. and i.v. inoculation clearly 
introduce virus systemically, there is evidence that even f.p. 
inoculation allows some MCMV direct access to the spleen 
[15], suggesting that the break in barrier tissue allows the 
virus direct access to the circulation. In contrast, intranasal 
(i.n.) inoculation infects a natural site of viral entry without 
breaking barrier tissue. However, relatively few studies have 

utilized the i.n. route of inoculation and little is known about 
how immunity develops after infection of the nasal mucosa. 
Moreover, no previous studies have examined immunity and 
viral replication kinetics in the nasal mucosa itself.

We found that the nasal mucosa was reliably infected by 
MCMV after i.n. inoculation, but not i.p. or f.p. infection. 
Intranasal infection resulted in T-cell priming in mandibu-
lar, deep-cervical and mediastinal lymph nodes. Circulat-
ing T-cell responses were smaller after i.n. infection, con-
sistent with previous work [11], and a greater proportion 
of responding  CD8+ T cells were memory-phenotype T 
cells  (KLRG1−/CD127+) after i.n. compared to i.p. infec-
tion. Interestingly, i.n. inoculation did not induce the late-
appearing IE3-specific  CD8+ T-cell responses, in contrast to 
i.p. inoculation. Tissue-resident memory T cells  (TRM) were 
formed in the nasal mucosa and we found that  CD8+  TRM 
could develop in the nasal mucosa in an antigen-independent 
manner. Despite this local immunity, MCMV replication in 
the nasal mucosa was remarkably persistent. Interestingly 
however, IL-10 blockade was unable to reduce viral titers 
in the nasal mucosa, unlike the salivary gland, suggesting 
that different mechanisms may regulate MCMV persistence 
in different mucosal tissues. In summary, our data demon-
strated the characteristics of intranasal infection by MCMV, 
which shed light on the processes that may be expected to 
occur upon natural infection.

Experimental model and subject details

Mice, viruses and experimental infection

Six–seven-week old female mice were used for all experi-
ments. C57BL/6J mice were purchased from the Jack-
son Laboratory. OT-I transgenic mice (C57BL/6-Tg 
(TcraTcrb)1100Mjb/J) and CD45.1 congenic mice (B6.
SJL-Ptprca Pepcb/BoyJ) were originally purchased from the 
Jackson Laboratory and crossed in-house to produce double 
positive (CD45.1+/CD45.2+) OT-I mice. Murine cytomegal-
ovirus strains including WT-BAC (pSM3fr), K181-MCMV, 
and MCMV-Ova have been described previously [16–18]. 
All viruses were propagated in M2-10B4 cells as previously 
described [19]. Mice were either infected by the i.n. route 
with  106 PFU MCMV in 20 µL PBS, by the i.p. route with 
 106 PFU MCMV in 100 µL PBS, or by the f.p. route with  106 
PFU MCMV in 30 µL PBS. All experiments were approved 
by the Thomas Jefferson University Institutional Animal 
Care and Use Committee.

Nasal mucosa collection

A detailed description of a method for recovery of nasal 
mucosa for histological analyses has been described [20]. 
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We have modified this approach for faster recovery of nasal 
mucosa for homogenization. In brief, the mice were first 
euthanized by carbon dioxide. Skin on the head and nose 
was removed, followed by removal of the lower jaw. The 
upper jaw and nasal mucosa was separated from the back 
of the skull and brain by a transverse cut along the bregma 
of the skull, behind the eye-sockets and olfactory bulb. The 
nasal bone covering the nasal passages was removed with 
a scalpel and any remaining zygomatic and ethmoid bones 
were removed with scissors at this time. Olfactory bulbs, 
remaining brain tissue, connective tissue and muscles were 
then removed from the upper jaw. Teeth on the upper jaw 
were removed with scissors. Then, the soft and hard palates 
were removed with tweezers, which also removes the nasal 
associated lymphoid tissues (NALT). Finally, the maxilla 
was removed from each side of the nasal tissue. The result-
ing soft tissue was homogenized for virus titration or FACS 
analysis as described below.

Virus titration

Twenty-percent homogenates (w/v) of tissue were individu-
ally prepared from nasal mucosa, lungs and SG for virus 
titration. Briefly, each tissue was weighed and homogenized 
using a pestle with a small amount of sterile sand in an 
1.5 mL centrifuge tube prior to suspension in RPMI-1640 
medium with l-glutamine, supplemented with 10% FBS and 
100 units/mL Penicillin, 100 µg/mL Streptomycin. Homoge-
nates were spun (2400×g for 10 min) and supernatants were 
collected for plaque assay. Plaque assays were performed 
on M2-10B4 cells as previously described [19] except that 
the M2-10B4 cells were ~ 80–100% confluent at the start of 
the assay, and the tissue homogenates at the highest dilu-
tion tested (1:10 from the 20% homogenate) were removed 
by vacuum suction after 1.5-h incubation and replaced with 
fresh media without washing. Homogenates diluted 1:100 or 
1:1000 were not removed prior to the addition of the viscous 
overlay.

Adoptive transfer and in vitro activation of OT‑I T 
cells

The indicated numbers of naïve OT-I, CFSE-labelled OT-I T 
cells, or in vitro activated OT-I T cells (generated as previ-
ously described [21]) were adoptively transferred in 100 µL 
PBS into a congenic recipient via retroorbital sinus.

Intravenous antibodies injection, lymphocytes 
isolation, antibodies, tetramer staining, and FACS 
analysis

To distinguish cells localized to the vasculature and paren-
chyma of the nasal mucosa and salivary gland (Fig. 4), 

mice were intravenously injected with 3 µg fluorescently 
labelled antibodies specific for CD8α (clone 53–6.7) or 
CD4 (clone RM4-4), 3 min before sacrifice. Animals were 
not perfused and lymphocytes were extracted from tissue 
as described below in the presence of 60 µg/mL unlabeled 
anti-CD8α (clone 53–6.7) to limit background staining 
from this antibody. Lymphocytes from the blood, spleen, 
SG and lungs were isolated as described [21, 22]. Lympho-
cytes from nasal mucosa were recovered using the same 
method as for the SG. For assessment of T cells in lymph 
nodes, the mediastinal, deep-cervical, and mandibular 
lymph nodes were homogenized with two needles in T-cell 
medium (RPMI-1640 medium with l-glutamine, 10% FBS, 
100 units/mL Penicillin, 100 µg/mL Streptomycin, and 
5 × 10−  5 M β-mercaptoethanol) prior to passage through 
a 70 µm cell strainer. To label all  CD4+ and  CD8+ T cells 
in the homogenate (vascular and parenchymal), cells 
were stained for CD8β (clone 53−5.8) and CD4 (clone 
GK1.5). OT-I cells were distinguished from recipient cells 
by CD45.1 (clone A20), CD45.2 (clone 104) and TCR 
Vα2 (clone B20.1). The remaining phenotypic analysis 
was performed with following antibodies: TCR-β (clone 
H57-597), CD11a (clone M17/4), KLRG1 (clone 2F1/
KLRG1), CD127 (clone A7R34), CD69 (clone H1.2F3) 
and CD103 (clone 2E7). All antibodies were purchased 
from Biolegend. MHC-I-tetramers loaded with peptides 
derived from M38, M45 or IE3 were produced at the 
NIH tetramer core facility (http://tetra mer.yerke s.emory 
.edu/) and used to identify MCMV-specific  CD8+ T cells 
as previously described [17]. In all cases, samples were 
collected on BD Fortessa and analyzed with FlowJo soft-
ware (TreeStar). Representative gating strategies for flow 
cytometry analyses are shown in Supplemental Figure 1.

In vivo IL‑10R blockade

To block IL-10 signalling, mice were injected i.p. with 
500 µg rat IgG1 (clone HRPN; BioxCell) or anti-CD210 
(anti–IL-10R clone 1B1.3A; BioxCell) at 1 and 7 dpi.

Statistical analysis

Error bars represented standard error of the mean (SEM) 
unless specified otherwise. All data analysis was per-
formed in Graphpad 5. Eight Statistical analyses are 
described in the figure legends.

http://tetramer.yerkes.emory.edu/
http://tetramer.yerkes.emory.edu/
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Results

MCMV infects the nasal mucosa 
of the immunocompetent mice via i.n. infection, 
but not i.p. or f.p. infection

To test whether different routes of infection result in viral 
replication in the nasal mucosa, C57BL/6J mice were 
infected with MCMV via i.n., i.p. or f.p. routes. Each infec-
tion route caused virus replication in the SG, but only i.n. 
inoculation established infection in the nasal mucosa itself 
within 2 weeks, as assessed by plaque assay (Fig. 1).

OT‑I cells are primed first in mandibular, 
deep‑cervical and mediastinal lymph nodes

To define the site(s) of  CD8+ T-cell priming after i.n. infec-
tion, we adoptively transferred CFSE-labeled OT-I T cells to 
congenic recipients, which then were i.n. inoculated with  106 
PFU MCMV-Ova on the following day. Dividing OT-Is that 
had gone through at least one round of division were meas-
ured in lymph nodes that drain the nasal mucosa and lungs, 
as well as in the spleen and blood. The numbers (not shown) 
and frequencies (Fig. 2a) of dividing OT-I cells increased 
markedly in the mandibular, deep-cervical and medias-
tinal LNs between days 2 and 3 after infection and were 
significantly elevated on day 3 relative to their frequency 
in the spleen. In contrast, accumulation of dividing OT-Is 
was delayed until day 4 post-infection, which paralleled the 
accumulation in the blood (Fig. 2a). Moreover, while many 
cells with intermediate intensities of CFSE could be found in 
lymph nodes, dividing cells in the spleen and blood tended 
to be CFSE-negative by day 4, indicating that these cells had 
undergone multiple rounds of division before they became 

detectable (Fig. 2b). Collectively, these data suggest that 
dividing cells in the spleen were arriving via the circulation, 
rather than undergoing activation in the spleen itself and that 
MCMV-specific  CD8+ T cells are primed in the mandibular, 
deep-cervical, and mediastinal LNs after i.n. infection.

Intranasal inoculation induces memory inflation 
with a lower frequency of effector‑phenotype T cells 
compared with i.p. inoculation

One of the hallmarks of the T-cell response to MCMV 
infection after i.p. and i.v. infection is the process of “mem-
ory inflation”, a late accumulation of T cells specific for 
certain viral epitopes after the acute phase of infection is 
resolved. Previous work in BALB/c mice demonstrated that 
T cells underwent memory inflation with similar kinetics 
after i.n. and i.p. infection, but that inflationary populations 
were relatively reduced in frequency and number after i.n. 
infection compared to systemic i.p. infection [11]. In agree-
ment with this, we found that M38-specific  CD8+ T cells 
underwent memory inflation with similar kinetics after i.n. 
and i.p. infection of C57BL/6J mice, but were significantly 
reduced in frequency after i.n. infection (Fig. 3a, p ≤ 0.0151 
by paired t tests at all time points). We also studied a second 
inflationary response elicited by an epitope from the IE3 pro-
tein. This response is unique in that IE3-specific T cells are 
undetectable during the acute phase of infection but become 
significant populations after several weeks of infection. 
Interestingly, while i.p. inoculation induced memory infla-
tion of IE3-specific  CD8+ T cells with the expected kinetics, 
i.n. inoculation failed to induce any detectable IE3-specific 
T-cell responses over the course of the experiment. This was 
not a general failure to respond to epitopes expressed in the 
IE locus as Ova-specific T cells were robustly stimulated 
by i.n. infection when the Ova gene was expressed under 

Fig. 1  MCMV infects the nasal mucosa of the immunocompetent 
mice after i.n. infection, but not after i.p. or f.p. infection. Virus 
titers in the nasal mucosa, lungs and SG at 14 dpi after i.n., i.p. or 
f.p. inoculation of  106 PFU WT-MCMV. Each symbol represents an 
individual mouse. The solid line shows the mean titer, and error bars 

represent the SEM. Dashed lines show the detection limit (50 PFU/g). 
One representative experiment out of at least three independent 
experiments is shown for i.n. inoculation. Data are combined from 
two independent experiments for i.p. and f.p. inoculation
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control of the IE2 promoter (Fig. 2 and not shown). Like-
wise, IE1-specific T cells underwent inflation in BALB/c 
mice [11]. As a comparison, we analysed M45-specific T 
cells, which are evident within the first week of infection, but 
do not undergo memory inflation in C57BL/6J mice. After 
i.n. and i.p. infection, M45-specific T cells expanded and 
contracted with similar kinetics (Fig. 3a). Again however, 
the final frequencies of M45-specific T cells were slightly, 
but significantly reduced after i.n. infection (p ≤ 0.0373 at 
all time points by paired t tests except 112 dpi, which did 
not reach significance).

Phenotypic analyses showed that i.p. inoculation gener-
ated higher frequencies of effector-like phenotype  CD8+ 

T cells  (KLRG1+,  CD127−) within both non-inflationary 
(M45-specific) and inflationary (M38-specific) popula-
tions (Fig. 3b). In contrast, i.n. infection resulted in more 
memory phenotype T cells  (KLRG1−,  CD127+) and more 
double-positive T cells  (KLRG1+,  CD127+), which was 
consistent over time (Fig. 3b). Previous work from our lab, 
the Oxenius lab and the Arens lab has indicated that cells 
retaining a memory phenotype have increased prolifera-
tive capacity and increased survival [23–26]. Thus, these 
data indicate that i.n. infection drives less expansion and 
effector differentiation of MCMV-specific  CD8+ T cells in 
comparison with i.p. infection.

Fig. 2  OT-I cells are primed 
first in mandibular, deep-
cervical and mediastinal lymph 
nodes. a  106 CFSE-labeled 
OT-I cells were injected into 
congenic recipients via the 
retroorbital sinus. The following 
day, recipients were i.n. infected 
with  106 PFU MCMV-Ova. The 
frequency of OT-I cells that had 
gone through at least one round 
of division was assessed in the 
mandibular (manLN), deep-
cervical (DCLN) and medias-
tinal (MLN) lymph nodes, as 
well as the blood and spleen on 
the indicated days after infec-
tion. Shown are frequencies of 
dividing OT-Is pooled from 2 
individual experiments (n = 6 
mice per time point at days 2, 3 
and 4) and from 1 experiment 
(n = 3 mice per time point) for 
days 5 and 7. The solid lines 
connect the mean frequency 
of the dividing OT-Is and 
error bars represent the SEM. 
Asterisks indicate statistical sig-
nificance of differences between 
frequencies of divided cells in 
each lymph node versus the 
spleen at day 3 after infection 
as assessed by paired student’s 
t tests (*p < 0.05, **p < 0.01). b 
Shown are representative FACS 
plots of the CFSE-dilution pro-
file of OT-I T cells (CD45.1+, 
Vα2+) recovered from the 
DCLN, blood and spleen on 
days 2, 3 and 4 after i.n. infec-
tion with MCMV-Ova. Data are 
from one mouse that was part of 
the group shown in a 



462 Medical Microbiology and Immunology (2019) 208:457–468

1 3

T cells become resident in the nasal mucosa independently 
of local infection

MCMV induces the development of  TRM in multiple tissues 
in the body [22, 27]. However, no previous work has assessed 
the nasal mucosa. We transferred OT-I T cells and infected 
the adoptive recipients with MCMV-Ova via i.n. inocula-
tion. Within 14 days OT-Is with a  TRM phenotype  (CD69+, 
 CD103+) were recovered from the nasal mucosa and salivary 

gland (Fig. 4a). Similarly, in multiple independent experi-
ments with various strains of MCMV, we have found  TRM 
phenotype M38-specific  CD8+ T cells in the nasal mucosa 
after i.n infection using MHC-I tetramers (not shown). Previ-
ous data indicated that  CD8+  TRM formation in the salivary 
gland can occur independently of antigen or infection of the 
salivary gland [21, 22, 27]. Moreover, i.n. infection did not 
seem to be necessary for  TRM formation in the nasal mucosa: 
M38-specific  TRM-phenotype cells could be recovered from 

Fig. 3  Intranasal inoculation 
induces memory inflation with a 
lower frequency of effector-phe-
notype T cells compared with 
i.p. inoculation. C57BL/6J mice 
were infected with  106 PFU 
WT-BAC MCMV (pSM3fr) via 
either i.n. or i.p. inoculation. 
a Shown is the frequency of 
MCMV-specific  CD8+ T cells 
in the blood, as measured by 
tetramer staining at the indi-
cated time points after infection. 
Results are shown as the group 
means + SEM (n = 5) at the indi-
cated time points. b Phenotypic 
analyses of non-inflationary 
(M45-specific) and inflationary 
(M38-specific)  CD8+ T cells 
from the experiment shown in 
a. Data are from one experiment
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the nasal mucosa even after i.p. infection with spread-defective 
(∆gL) MCMV (not shown), which could only go through one 
round of infection in vivo [28, 29]. These data suggest that 
infection of the nasal mucosa itself is not needed to induce  TRM 
formation. To formally test this, OT-Is were activated in vitro 
and adoptively transferred into naïve congenic recipients, as 
previously described [21]. 14 days later,  TRM phenotype OT-I 
T cells were recovered from the nasal mucosa, indicating that 
activated T cells have access to the nasal mucosa and can 
become  TRM without local infection or antigen (Fig. 4b).

MCMV persistently replicates in the nasal mucosa

MCMV was originally discovered as a salivary gland virus 
that could be passed from mouse-to-mouse from salivary 
gland homogenates injected via subcutaneous, intraperi-
toneal, intracranial or intraglandular injections [30, 31]. 
Since these initial observations, research has indicated that 
the virus persistently replicates in the salivary gland for 
prolonged periods of time, presumably for horizontal trans-
fer to other hosts. Other sites of persistent replication have 
not been discovered in the mouse. Surprisingly, we found 
that after i.n. inoculation, MCMV persistently replicated 
in the nasal mucosa. Indeed, the K181 strain of MCMV 
could be detected in all infected mice by plaque assay as 
late as 107 days after infection (Fig. 5a). Even the attenu-
ated BAC-derived MCMV strain (pSM3fr) could be detected 
in the nasal mucosa of 1 out of 5 mice, at 141 days after 
infection (Fig. 5b). This virus contains a mutation in mck-2 
that affects the viral titers in the salivary gland [32], likely 
as a result of impaired dissemination to the salivary gland 
[33–37]. These data show that the nasal mucosa and salivary 
gland can both support persistent MCMV replication after 
i.n. infection.

Blockade of IL‑10R does not limit MCMV replication 
in the nasal mucosa

Previous work has shown that blockade of the IL-10R ena-
bles better control of MCMV in the salivary gland [38], thus 
we speculated that this would be true in the nasal mucosa as 
well. Surprisingly, however, blockade of the IL-10R did not 
significantly decrease virus titers in the nasal mucosa, unlike 
its effect in the salivary gland (Fig. 6). These data indicate 
that additional mechanisms must allow viral persistence in 
the nasal mucosa.

Discussion

Natural transmission of CMV has been difficult to observe. 
It has been proposed by the Mocarski laboratory that footpad 
inoculation of mice is a model for transmission of MCMV 

Fig. 4  T cells become resident in the nasal mucosa independently of 
local infection. a Naïve OT-I cells expressing CD45.1 (5 × 103) were 
injected into C57BL/6J recipients via the retroorbital sinus. The fol-
lowing day, recipients were i.n. infected with  106 PFU MCMV-Ova. 
To distinguish cells that had migrated into the parenchyma of the 
nasal mucosa and salivary gland, animals were i.v. injected with anti-
CD8α prior to sacrifice. Representative FACS plots show donor OT-I 
T cells (CD45.1+, Vα2+) that were i.v.-antibody-negative in the nasal 
mucosa and salivary glands (top plots) and their expression of CD69 
and CD103 (bottom plots) 14 days after infection. Values in the rep-
resentative plots indicate the average for each gate or quadrant ± the 
standard deviation (n = 5). Data are from one experiment and rep-
resentative of two independent experiments (n = 10 mice total). b 
In vitro activated CD45.1+/CD45.2+ OT-Is (3 × 106) were adoptively 
transferred into naïve, congenic (CD45.2+) recipients. Nasal mucosa 
was collected 14  days after the transfer. Shown are representative 
FACS plots of CD69 and CD103 expression on donor OT-Is in the 
i.v. antibody-negative fraction of the nasal mucosa. Values in the rep-
resentative plots indicate the average for each gate or quadrant ± the 
standard deviation (n = 6). Data are from one experiment and repre-
sentative of two independent experiments (n = 9 mice total)
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through biting, which might occur in nature [34]. In addi-
tion, previous work from the Puddington laboratory dem-
onstrated that infectious MCMV could be found in mouse 
breast milk and naturally transmitted to pups through suck-
ling [8]. However, the site of initial viral infection in the 
pups was not defined until a recent study from the Stevenson 
lab provided direct evidence that the nasal mucosa is the 
primary site of infection after vertical transmission between 
mothers and pups [13]. These authors argued that the nasal 
mucosa, which is accessible to fluids in the mouth via the 
oropharynx and nasopharynx, is most likely the natural por-
tal for CMV entry.

Although intranasal inoculation has been known for many 
years to allow MCMV infection and dissemination through 
the body [39], relatively few studies have utilized this route 
of inoculation. However, MCMV has been reported to tar-
get the olfactory epithelium in the nasal mucosa instead of 
the respiratory epithelium [13, 14]. The explanation for this 
could be the presence of heparan sulfate, which is expressed 
both apically and basolaterally on the olfactory epithelium, 
but only basolaterally on the respiratory epithelium [40]. 
Heparan sulfate has been reported to contribute to MCMV 

and HCMV binding and entry, and viruses unable to bind 
to heparan sulfate show poor host entry [41]. Likewise, this 
mechanism of infecting olfactory epithelium via binding to 
heparin sulfate has been reported for murid hepresvirus-4, 
a gamma herpesvirus [42], and Herpes Simplex Virus-1, an 
alpha herpesvirus [43]. Our data showed that i.n. inocula-
tion, but not i.p. or f.p. routes of infection caused sufficient 
infection of the nasal mucosa for virus to be detected by 
plaque assay. However, further investigation will be needed 
to determine whether MCMV reaches the nasal mucosa in 
reduced quantities after hematogenous dissemination or 
whether viral dissemination to the nasal mucosa is poor from 
other parts of the body.

It was surprising to discover that the nasal mucosa sup-
ported persistent MCMV replication after i.n. inoculation 
(Fig. 5). It is well known that MCMV replicates persistently 
in the SG epithelium, in part by exploiting IL-10-mediated 
immune regulation and in part by evading  CD8+ T cells 
[38, 44]. Therefore, we expected that IL-10 would regu-
late MCMV persistence in the nasal mucosa as well. How-
ever, we found that blockade of the IL-10R, which allowed 
accelerated control of MCMV in the SG, was unable to 

Fig. 5  MCMV persists its 
replication in the nasal mucosa. 
a Shown are virus titers in the 
nasal mucosa, lungs and SG at 
107 days after i.n. infection with 
 106 PFU K181-MCMV. Data 
are pooled from 2 independent 
experiments (n = 6 mice total). 
b Shown are virus titers in the 
nasal mucosa, lungs and SG at 
141 days after infection with 
 106 PFU WT-BAC MCMV. 
Data are from one experiment 
(n = 5 mice total)

Fig. 6  Blockade of IL-10R does not limit MCMV replication in the 
nasal mucosa. C57BL/6J mice were i.n. infected with  106 PFU WT-
BAC MCMV (pSM3fr) and treated with either anti-IL-10R blocking 
antibody or isotype control antibody on days 1 and 7 post-infection. 
Shown are the titers of virus in the nasal mucosa, lungs and SG, 

14 days after infection. Each dot represents an individual mouse and 
the group means ± SEM is shown. Dashed lines show the detection 
limit (50 PFU/g). Results represent data pooled from two individual 
experiments
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affect virus titers in the nasal mucosa (Fig. 6). Therefore, 
other factors must be regulating the local immune response 
to MCMV in the nasal mucosa. It is currently unknown 
whether MCMV persists in the olfactory epithelium or 
whether it spreads to other cells for persistent replication. It 
also remains to be tested whether evasion of MHC-I antigen 
presentation and  CD8+ T cells allows MCMV persistence in 
these tissues. MCMV encodes at least 3 genes for proteins 
that modulate MHC-I expression on infected cells (m04, 
m06 and m152) and deletion of these has been reported 
to limit MCMV persistence in the SG [44]. Thus, future 
work will need to test the persistence of MCMV express-
ing or lacking these evasion genes. The Stevenson group 
has recently reported that MCMV gene M78 encodes a pro-
tein that degrades MHC-II and that an M78-deleted virus is 
attenuated for dissemination to the salivary gland after i.n. 
infection [45]. It will be interesting to test whether M78-
deleted virus also fails to persist in the nasal mucosa over 
time, especially since epithelial cells may express class II 
MHC under inflammatory conditions. It is also interesting 
to note that i.n. inoculation, but not i.p. or f.p. inoculation, 
resulted in prolonged viral replication in the lungs (Fig. 1). 
This result is consistent with very recent work demonstrat-
ing that intratracheal infection of MCMV led to a prolonged 
virus replication in the lungs of immunocompetent mice 
[46]. It is tempting to speculate that i.n. infection results 
in prolonged replication in these sites due to the improved 
infection of epithelial cells. Again, further work will be 
needed to dissect this question.

After i.n. inoculation, we found that the earliest evidence 
of  CD8+ T-cell priming could be detected in the mandibular, 
deep-cervical and mediastinal draining lymph nodes (Fig. 2). 
This result is consistent with a recent report of  CD8+ T-cell 
priming after i.n. infection with influenza virus [47]. We 
also noticed that intranasal inoculation induced a circulat-
ing T-cell response with reduced magnitude compared to 
i.p. inoculation, which is consistent with a previous work 
in BALB/c mice [11]. Very recent data from the Arens lab 
also showed reduced T-cell responses induced by i.n. infec-
tion and demonstrated that such responses are less effective 
at preventing tumor growth in a cancer vaccine model [48]. 
Phenotypic analysis of the responding T cells showed that 
i.n. inoculation resulted in more memory-like phenotype T 
cells  (KLRG1−  CD127+), while i.p. inoculation resulted in 
more effector-phenotype T cells  (KLRG1+  CD127−), which 
is also consistent with the recent data from the Arens lab 
[48]. Just why the responses are less robust after i.n. infec-
tion is unclear however. The Arens lab had previously shown 
that the inoculum dose directly correlates with the magni-
tude of MCMV-specific memory inflation and the proportion 
of effector-phenotype T cells that emerged after i.p. infec-
tion [25]. Therefore, it is plausible that i.n. infection leads 
to a significantly reduced antigen burden that sub-optimally 

drives T-cell expansion and differentiation. This could be 
due to the fact that i.n. inoculation does not break the barrier 
tissue and it is likely that part of inoculum will be washed 
away by nasal secretions or swallowed into the stomach. 
Alternatively, it is possible that the altered phenotype is due 
to differences in the cells that are infected by each route 
of inoculation. Several reports have suggested that the 
endothelial cells of the liver and spleen may be a major site 
of latency and a source of antigen for driving memory infla-
tion [23, 49–53]. Therefore, it is possible that i.n. infection 
poorly infects these sinusoidal cells, reducing the antigen 
burden on inflationary T cells. Indeed, the spleen seems to 
be poorly infected by MCMV after i.n. inoculation [14, 54]. 
In theory, such differences in the infected cells might also be 
responsible for our failure to detect T-cell responses to the 
 IE3416–423 epitope. Responses to this epitope develop only 
late after an i.p. infection [55], but were not detected in our 
experiments after an i.n. infection (Fig. 3).

Finally, we observed tissue-localized (unlabelled by 
i.v. antibody)  CD8+ T cells in the nasal mucosa which 
expressed CD103 and CD69, the markers of  TRM (Fig. 4). 
Such  TRM cells likely reside in all tissues of the body and 
are thought to provide rapid and specific recall responses 
to any re-encounter with antigen [56]. In some tissues such 
as the skin, lungs, brain and vaginal mucosa, it has been 
reported that  CD8+  TRM formation depends on local anti-
gen or inflammation (e.g., [57–60]). In contrast,  CD8+  TRM 
development in the other tissues such as the small intestine 
[61] and salivary gland [21, 22, 27, 62], was independent of 
antigen or inflammation, although the numbers of T cells 
that migrated into SG could be boosted by i.v. administration 
of poly(I:C) [63]. We found that in vitro activated T cells 
could migrate to the nasal mucosa and develop a  TRM phe-
notype independently of local antigen or infection (Fig. 4). 
Infection of the nasal mucosa was associated with more T 
cells that were recovered from this tissue (not shown), but 
more work will be needed to determine how much local 
inflammation or antigen modulates  TRM formation. It is 
also important to note that we did not study the retention 
of  TRM in the nasal mucosa. Thus, it remains to be deter-
mined whether these cells will persist for long periods of 
time and whether they can provide any protection against 
an MCMV infection of this tissue. Regardless, it is clear 
that they could not quench the ongoing MCMV replication 
in the nasal mucosa. An analogous situation exists in the 
salivary gland, where MCMV replicates persistently despite 
the presence of MCMV-specific  TRM. In the salivary gland, 
however, pre-existing  TRM could control locally introduced 
MCMV [27]. Therefore, even though the development of 
MCMV-specific  TRM did not correlate with a cessation of 
viral replication, it remains possible that pre-existing  TRM in 
the nasal mucosa may aid in prevention of MCMV dissemi-
nation from this natural site of entry. Besides virus-specific 
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 CD8+  TRM residing in the nasal mucosa, we also observed 
tissue-localized  CD4+  TRM  (CD11a+,  CD69+) in the nasal 
mucosa (not shown) after i.n. infection. Attempts to define 
the specificity of these  CD4+ T cells with MHC-II tetram-
ers failed, which is perhaps not surprising given the small 
percentages of T cells specific for any one viral antigen [64, 
65] and the very low numbers of T cells recovered from the 
nasal mucosa of any given mouse (typically between 2 ×  104 
and 1 ×  105 total T cells per mouse by day 14 of infection, 
with  CD4+ and  CD8+ T cells at an approximately 1:1 ratio). 
Therefore, defining the specificity of the  CD4+  TRM in the 
nasal mucosa requires further investigation.

In summary, our data show that the nasal mucosa is a 
second site that supports persistent MCMV replication. T 
cells were primed in respiratory draining lymph nodes and 
developed into  TRM localized to the nasal mucosa. How-
ever, neither local MCMV-specific  TRM cells nor blockade 
of IL-10 prevented MCMV persistence in this tissue. These 
data provide new details about the host/pathogen relation-
ship and immune responses that develop after intranasal 
infection by MCMV and suggest that it may be difficult to 
control MCMV at the natural site of entry.
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