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ABSTRACT Vaccination against the betaherpesvirus, human cytomegalovirus (HCMV) is a
public health goal. However, HCMV has proved difficult to vaccinate against. Vaccination
against single HCMV determinants has not worked, suggesting that immunity to a wider
antigenic profile may be required. Live attenuated vaccines provide the best prospects for
protection, but the question remains as to how to balance vaccine virulence with safety.
Animal models of HCMV infection provide insights into identifying targets for virus attenu-
ation and understanding how host immunity blocks natural, mucosal infection. Here, we
evaluated the vaccine potential of a mouse cytomegalovirus (MCMV) vaccine deleted of a
viral G protein-coupled receptor (GPCR), designated M33, that renders it attenuated for sys-
temic spread. A single noninvasive olfactory DM33 MCMV vaccine replicated locally, but as
a result of the loss of the M33 GPCR, it failed to spread systemically and was attenuated
for latent infection. Vaccination did not prevent host entry of a superinfecting MCMV but
spread from the mucosa was blocked. This approach to vaccine design may provide a via-
ble alternative for a safe and effective betaherpesvirus vaccine.

IMPORTANCE Human cytomegalovirus (HCMV) is the most common cause of congen-
ital infection for which a vaccine is not yet available. Subunit vaccine candidates
have failed to achieve licensure. A live HCMV vaccine may prove more efficacious,
but it faces safety hurdles which include its propensity to persist and to establish la-
tency. Understanding how pathogens infect guide rational vaccine design. However,
HCMV infections are asymptomatic and thus difficult to capture. Animal models of
experimental infection provide insight. Here, we investigated the vaccine potential
of a mouse cytomegalovirus (MCMV) attenuated for systemic spread and latency. We
used olfactory vaccination and virus challenge to mimic its natural acquisition. We
provide proof of concept that a single olfactory MCMV that is deficient in systemic
spread can protect against wild-type MCMV superinfection and dissemination. This
approach of deleting functional counterpart genes in HCMV may provide safe and
effective vaccination against congenital HCMV disease.
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Human cytomegalovirus (HCMV) is the most common cause of congenital infection
and is diagnosed in approximately 1% of total live births (1, 2). Antivirals have lim-

ited efficacy in ameliorating sequelae in neonates such as sensorineural hearing loss and
are toxic in pregnancy (3). Such harm is more likely to arise from a primary maternal
infection and thus HCMV-seronegative women of childbearing age would benefit from
an effective vaccine. Despite recognition of the public health and economic benefits for
a HCMV vaccine over 20 years ago, successful licensure of a vaccine remains elusive (4).
Since HCMV transmission to the neonate can still occur in the presence of natural immu-
nity, the prospect of a vaccine achieving sterile immunity is unlikely. Nevertheless, the
ability of a vaccine to prevent congenital disease would be a significant advance.
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History has shown us that live attenuated viruses make excellent vaccines (5), and
many were developed empirically several decades ago (6). Live herpesvirus vaccines
against Marek’s disease virus, pseudorabies virus, and varicella-zoster virus have proved
effective in preventing acute disease, even where transmission is not prevented (7–9),
HCMV infection elicits an immune response to a broad antigenic profile that reveals
what a vaccine to an immune-evasive virus like HCMV should mimic (10). The low effi-
cacy of recombinant gp350 to reduce Epstein-Barr virus (EBV) infection (11), recombinant
glycoprotein D (gD) to reduce herpes simplex virus infection (12) or glycoprotein B (gB)
to reduce HCMV acquisition (13) argue that single component vaccines generally strug-
gle to protect against herpesviruses. These results also brought into question the
capacity of in vitro herpesvirus neutralization readouts to predict in vivo protection (14).

The hazards of congenital infection make difficult empirical testing of live HCMV
vaccines. The challenge for the development of live HCMV vaccines is to achieve a bal-
ance between virulence and safety. Rational vaccine design is underpinned by knowl-
edge of how a pathogen infects and an understanding of the immune correlates of
protection (6). This approach was successful for PRV vaccination, as there was a clear
molecular basis for virus attenuation (9). For HCMV, acquiring this knowledge has been
problematic due to the silent nature of its acquisition and spread.

Studies in animal models of HCMV infection can provide insight in identifying viru-
lence factors that are key to virus spread that are thus targets exploitable by antiviral
therapies. It is crucial that animal models provide a realistic picture of virus-host inter-
actions in vivo. Immune evasion is a key component of herpesvirus infections and is
closely tied to its evolutionary context of normal host colonization. CMV infections
long predate human speciation (15), and those of other mammals provide an opportu-
nity to develop and test CMV vaccine strategies in a realistic context.

Mouse cytomegalovirus (MCMV) is among the best studied models of HCMV infec-
tion. Common to all herpesviruses is their ability to bind heparan sulfate (HS) (16). The
unusual expression of HS on the apical, rather than basolateral surface of olfactory epi-
thelium has provided a key factor for olfactory targeting and herpesvirus host entry
(17). MCMV enters new hosts via the olfactory epithelium and then spreads systemi-
cally and almost exclusively via recirculating DC, driven by the constitutive signaling of
the G protein-coupled receptor (GPCR) homolog, M33 (18). MCMV M33 drives the
escape of infected dendritic cells (DC) back to the blood, allowing widespread dissemi-
nation and extravasation to peripheral tissues, including amplification in the salivary
gland, where the MCMV CC chemokine homolog MCK-2 transfers infection from DC to
acinar cells. In the absence of M33, infected DC are retained in the draining lymph
nodes (LN); of the minority that do escape the LN, they are unable to extravasate to
peripheral tissues. Notably, HCMV also binds HS and its pentamer complex has an ol-
factory receptor (19). Moreover, the constitutive signaling of the HCMV US28 GPCR
appears to have a similar in vivo function as MCMV M33 in aiding infected DC recircula-
tion (20). This reflects how related viruses typically conserved the key events of host
colonization, even when their molecular details differ, and suggests that MCMV can
provide a general model for HCMV vaccines.

Vaccination aims to protect against natural infection. HCMV causes disease by placen-
tal infection, but this is downstream of normal primary systemic spread that transmits to
a vulnerable foetus. The key vaccine goal is to limit systemic spread of a superinfecting
wild-type virus to undetectable levels. Vaccinations against MCMV have generally tried to
protect against an acute liver and spleen infections after intraperitoneal (i.p.) challenge
(21, 22). However, these infections result from a cell-free viremia that is specific to inva-
sive, parenteral inoculation. It is not a feature of normal systemic spread after mucosal
entry (23). Thus, evaluation of MCMV virulence factors using i.p. inoculation is not neces-
sarily a useful guarantee of vaccine safety, and protection against hepatitis after i.p. chal-
lenge is not necessarily a useful indicator of vaccine efficacy. Olfactory infection provides
an authentic basis. M33 is essential for MCMV to spread and has clear signaling and func-
tional homology with HCMV (20, 24–26). We tested here the safety of an M33-deficient
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virus vaccine, particularly its systemic spread, and its capacity to prevent the spread of a
subsequent wild-type mucosal challenge.

RESULTS
Acute olfactory infection with live MCMV is confined to the nose. Our previous

studies identified neuroepithelia as the natural entry site for MCMV. Given the small
capacity of the upper respiratory airways, efficient infection requires a small inoculum,
to allow optimal exposure. For adult mice, we have determined a 2-ml inoculum per
nare of alert, adult mice provides detectable infection with acceptable reproducibility.
Submicroliter amounts are required for neonates. We give olfactory infections to alert
mice as loss of the “gag” reflex upon anesthesia results in inoculum being aspirated to
the lung. As a preview to using olfactory vaccinations, we first determined kinetics of
MCMV colonization spread from this site. We used luciferase-tagged wild type (WT)
and DM33 MCMV to deliver olfactory infection (5 � 105 PFU; 4 ml delivered as 2 � 2 ml
droplets to the nares to alert mice). This was compared to lung infection, using an
equivalent PFU dose but in a larger volume (2 � 15 ml to the nares of anaesthetized
mice), as described previously (18). We traced infection by live imaging. At day 3 post-
infection (p.i.), light emission signals were confined to the nose in olfactory-inoculated
mice; lung-infected mice exhibited higher signals from the thorax indicative of virus
amplification (note different scale) (Fig. 1A). As strong signals from one anatomical site
can mask dissemination to another, we quantified the light emission in dissected
organs (Fig. 1B) and measured infectious virus by a plaque assay (Fig. 1C); both read-
outs confirmed live imaging data.

By day 6 p.i., we detected cervical signals in WT MCMV-infected mice inoculated by
either route (open arrows, Fig. 1D and G). Imaging of dissected organs revealed spread
to the LN draining the nose or lung—the superficial cervical lymph nodes or mediasti-
nal lymph nodes, respectively (Fig. 1E and H)—and was confirmed by plaque assay
(Fig. 1F and I). Higher cervical luciferase signals exhibited in WT-infected mice were
attributed to salivary gland colonization, which was absent in DM33 MCMV-infected
counterparts (Fig. 1E, F, H, and I). In summary, DM33 MCMV infections at the mucosal
surface were equivalent via olfactory or lung routes. However, consistent with previous
studies, DM33 MCMV failed to colonize the salivary gland.

To exclude the possibility that infectious virus recovered at day 3 p.i. was due to re-
sidual inoculum, we infected mice with MCMV DgL (5 � 105 PFU/mouse) and harvested
noses/lungs at 30 min, 1 day, and 3 days p.i. In vitro, DgL is pseudotyped gL1 when
propagated in cells that deliver gL in trans. In vivo, DgL colonizes olfactory neurons but
is incapable of further cell-cell spread at the inoculation site (23). By day 1 p.i., only 1%
of olfactory and lung DgL inocula were detected in homogenized noses and lungs,
respectively, and by day 3, no infectious inoculum was detected (Fig. 1J). Thus, infec-
tious virus detected at day 3 p.i. was the result of amplification in situ and was much
lower in olfactory compared to lung infection.

DM33 MCMV olfactory vaccine does not reactivate from latency. M33 and US28
GPCRs drive extravasation of infected DC from the blood to tissues (18, 20). Olfactory
DM33 MCMV failed to spread beyond the superficial cervical lymph nodes (SCLN), and
thus we suspected that it would also be attenuated in its ability to establish a latent
infection in peripheral tissues compared to WT MCMV. At 3 months after vaccination
with either WT or DM33 vaccines (5 � 105 PFU), all spleen, lung, and bone marrow
(BM) samples were negative for infectious virus as determined by plaque assay. We
prepared genomic DNA from tissue samples to quantify levels of viral DNA by using vi-
rus-specific primers as detailed in Materials and Methods. Preliminary experiments
using dilutions of target sequence in a 5-kb plasmid DNA estimated our sensitivity of
detection at 100 copies of DNA (Fig. 2A). Analysis of up to 100 ng of DNA from tissues
failed to detect latent MCMV DNA from the spleen (Fig. 2B and C) or from lung and BM
(not shown). Thus, olfactory challenge resulted in levels of latent MCMV in peripheral
tissues that were below the limit of detection.

To investigate further the existence of low-level latent infection, we repeated the
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FIG 1 Acute olfactory vaccination with live MCMV is confined to the nose and spreads via SCLN. Luciferase-
tagged wild-type (WT) and DM33 (5 � 105 PFU/mouse) MCMV was given to alert mice (delivered as 2 � 2 ml
droplets to the nares) or to the lungs in anesthetized mice (2 � 15 ml to the nares). (A) Live imaging of
infected mice at day 3 p.i., representative of five mice. The scale bars refer to the average radiance (p/s/cm2/sr).
Colonization following olfactory infection was confined to the nose. Lung infection showed virus amplification
in the thorax (note the different scale). (B and C) Quantification of light emission (B) and infectivity (C) in
dissected organs (n = 5/group) confirmed site-specific virus replication. By day 6 p.i., live imaging detected
cervical signals in mice nose vaccinated by WT and DM33 MCMV (indicated by open arrow in panel D) and in
mice lung vaccinated with WT MCMV (G; each image representative of five mice). Quantification of light
emission in tissues postmortem (E and H) and infectious virus recovered from homogenized organs (F and I)
shows virus spread to the draining LN (SCLN, superficial cervical lymph nodes; MLN, mediastinal lymph nodes).
Higher cervical luciferase signals exhibited in WT-infected mice were attributed to salivary gland colonization,
which was absent in DM33-infected counterparts. (J) Persistence of the infectious inoculum was determined in
BALB/c mice nose or lung infected with 5 � 105 PFU of the “single cycle” replication mutant DgL MCMV. Noses
and lungs were harvested at the times p.i. indicated and assayed for levels of residual inoculum by infection of
gL1 MEFs. Comparisons between virus groups were performed using Student t test (ns, not significant; ****,
P , 0.0001; **, P , 0.01; *, P , 0.05). Symbols show the values for individual organs; the mean of each group
is indicated by the solid bar. Horizontal dashed lines in each graph correspond the assay sensitivity limit.
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FIG 2 DM33 olfactory vaccine fails to reactivate. BALB/c were nose-vaccinated with either WT or DM33
MCMV (5 � 105 PFU/mouse; 5 mice/group). Spleen tissues from either WT- or DM33-vaccinated mice
were analyzed by PCR for the presence of MCMV DNA 3 months later. (A) The sensitivity of PCR was
determined to be 100 copies using a MCMV plasmid of known copy number. Spleen tissues (100 ng)
were tested for MCMV DNA (B) and for cellular DNA (C). Positive controls included WT plasmid at
known copy number and naive spleen tissue spiked with 100 copies of WT plasmid DNA. The primers
used and cycling conditions are annotated in the methods. Arrows depict expected sizes of amplified
products. After 3 months, the mice were euthanized, and spleen explants were established (n = 16 to
20 independent cultures/spleen) in 0.5-ml cultures in 48-well trays. Supernatants (100 ml) from cultures
were tested twice weekly for 9 weeks for the presence of infectious virus on MEFs. MEFs were infected
by centrifugal enhancement and examined for cytopathic effect (CPE) 3 to 4 days later. Reactivations
was recorded on a contingency plot. (D) Differences in reactivation rates were significant at P , 0.0001
(Fisher two-tailed exact test).
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experiment to determine whether it we could detect reactivated MCMV in spleen
explants ex vivo. We chose to evaluate reactivation from the spleen since this site is an
established reservoir of latent MCMV that has demonstrated efficient rates of reactiva-
tion ex vivo (27). Furthermore, spleen tissue is amenable to long-term explant culture.
Explant cultures were sampled twice weekly for the presence of lytic MCMV. We
detected reactivation in 17% of splenic cultures from WT-vaccinated animals (Fig. 2D).
Reactivations were first detected 3 weeks after explantation. In contrast, we did not
detect reactivation in any splenic explants over an 8-week time course for DM33-vacci-
nated animals (n = 90 to 96 cultures from 5 mice/vaccine). In summary, data from olfac-
tory vaccination demonstrate that M33 is attenuated for latency.

Olfactory vaccination induces local and systemic MCMV-specific antibody
responses. Next, we sought to determine whether an olfactory vaccine was immuno-
genic. We compared the kinetics of MCMV-specific antibodies elicited by olfactory WT
and DM33 MCMV vaccinations. An enzyme-linked immunospot (ELISPOT) assay was
used to enumerate MCMV-specific antibody-secreting cells (ASCs) either local or distal
to the vaccination site. Tissue ASCs from unvaccinated mice were included to provide
background numbers.

Mice were nose-vaccinated with WT or DM33 MCMV (5 � 105 PFU). At 7, 14, and 28
days postvaccination, MCMV-specific ASCs were determined in the nasal-associated
lymphoid tissue (NALT), SCLN, spleen, and BM. Early ASC responses in the NALT were
low across all antibody isotypes, but elevated levels were detected subsequently (Fig.
3A). In the SCLN, ASC numbers following DM33 MCMV vaccination emerged more rap-
idly compared with WT (Fig. 3B). While IgM and IgA ASCs contracted for both vaccina-
tion groups in the SCLN by day 28 p.i., IgG ASCs remained elevated. Spleens and BM
exhibited early IgM and delayed IgG/IgA consistent with a classical primary immune
response and while responses in the spleen contracted for both vaccines by day 28,
they remained elevated in the BM, including an IgA response (Fig. 3C and D).

In summary, despite absence of systemic spread by olfactory DM33 MCMV, its im-
munogenicity was similar to that of WT MCMV. Both vaccinations induced virus-specific
ASCs in all lymphoid tissues examined, consistent with widespread dispersion of these
cells. Enhanced, early ASC responses in the SCLN of DM33 MCMV-vaccinated mice may
be the result of infected DC accumulation at this site (18).

We also compared MCMV-specific serum isotype responses from the same vacci-
nated mice. Consistent with serum antibody responses to olfactory infections with the
mouse gammaherpesvirus MuHV-4 (28), IgM and IgG responses to MCMV were consis-
tently low (Fig. 3E and F); for IgA they were not detectable across the time course (data
not shown). In WT-vaccinated mice the IgM levels were modestly higher than DM33
MCMV counterparts at 14 days p.i. (P , 0.05) and matched the kinetics of the ASC
response in the spleen. Nevertheless, this had no impact on subsequent IgG serum
titers. Thus, while substantive regional and systemic B cell development was detected
following olfactory vaccination, this was not reflected in serum antibody titers.

Olfactory vaccination protects against superinfection. BALB/c mice were vacci-
nated with either luciferase-tagged WT or DM33 MCMV (5 � 105 PFU/mouse in 4 ml;
n = 10 per group). We traced acute infection to confirm nose colonization as in Fig. 1.
One month later, when luciferase expression was absent from all vaccinated mice, we
superinfected with a genotypically distinct K181 MCMV, Dm157 pARK, using the same
route and dose. Dm157 pARK is also derived from the K181 (Perth) MCMV and pos-
sesses a small deletion in m157 that blocks ligation with the NK cell Ly49H activating
receptor in C57BL/6 mice; in BALB/c mice Dm157 is phenotypically equivalent to WT
K181 (29). Unvaccinated mice (n = 5) were infected as controls. Serum IgG and IgM
antibody levels were quantified by enzyme-linked immunosorbent assay (ELISA) 1 day
prior to challenge and 14 days postchallenge. Overall, the results demonstrate weak,
but detectable MCMV-specific antibody responses within the first month postvaccina-
tion (Fig. 4A), consistent with our previous studies (Fig. 3E and F). After challenge with
Dm157 pARK, the IgG but not the IgM titers of vaccinated mice were significantly
enhanced compared to unvaccinated controls, a finding indicative of an effective recall
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response. There was no difference between vaccinated groups in titers of either IgG or
IgM antibodies elicited (P. 0.05).

We used salivary gland colonization as a marker of systemic spread of superinfect-
ing MCMV, quantified 14 days postchallenge, corresponding to titers in unvaccinated
animals ranging from 104 to 105 PFU/organ. Despite weak MCMV-specific antibody lev-
els at the time of challenge, we did not detect salivary gland titers above the assay
detection limit for DM33 MCMV-vaccinated mice. For WT-vaccinated mice, we detected
one breakthrough of vaccine protection (Fig. 4B). These results are representative of
three experiments, with a cumulative total of n = 30 vaccinees for each vaccine.
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FIG 4 Olfactory vaccination with spread-deficient DM33 MCMV protects against superinfection with
Dm157 pARK MCMV. Adult BALB/c mice were given olfactory vaccinations with either WT MCMV or
DM33 MCMV (n = 10 per virus group; 5 � 105 PFU in 4 ml). Controls were unvaccinated mice (n = 5).
After 1 month, all mice were challenged with 5 � 105 PFU Dm157 pARK MCMV via the same route.
(A) Serum IgM and IgG levels determined pre- and postchallenge by ELISA. Each point represents the
means 6 the SEM from 10 individual serum samples per group. Differences in antibody titers were
compared between vaccinated and unvaccinated groups (**, P , 0.01; ***, P , 0.001). (B) Infectious
MCMV titers in salivary glands of vaccinated and unvaccinated mice from panel A were determined
at day 14 postchallenge with Dm157 pARK MCMV. One of ten mice in the WT MCMV-vaccinated
group showed a reduced level of infection. No virus was detected DM33 MCMV-vaccinated
counterparts. Symbols show the values for individual mice; bars depict means. The dashed line
corresponds to the assay sensitivity limit. The data are representative of three separate experiments.
(C) DNA was extracted from randomly selected salivary gland homogenates from panel B and
assessed for MCMV gDNA by qPCR. Unvaccinated, Dm157pARK-challenged mice exhibited high levels
of gDNA; levels for DM33MCMV salivary glands were below the limit of detection. (D) Adult BALB/c
mice were given olfactory vaccinations with either DM33 MCMV or DgL (n = 10 per virus group;
5 � 105 PFU/mouse). Controls were unvaccinated mice. After 1 month, all mice were challenged with
5 � 105 PFU Dm157pARK MCMV. IgM and IgG antibodies were quantified by ELISA; each point
represents the means 6 the SEM of 10 mice. Differences in antibody titers were compared between
vaccinated and unvaccinated groups (**, P , 0.01; ***, P , 0.001). DgL-vaccinated mice did not
exhibit antibody titers significantly different from unvaccinated controls. (E) MCMV titers in the
salivary glands of vaccinated and unvaccinated mice in panel D were determined 14 days
postchallenge and showed modest reduction by DgL vaccination; no infectious virus was detected in
DM33 MCMV-vaccinated mice.
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Salivary gland replication was not detected in 30/30 DM33 MCMV and in 25/30 WT
MCMV vaccine cohorts.

To exclude the possibility that MCMV-specific antibodies in the salivary glands of
vaccinees obscured virus detection, we screened homogenates for genomic MCMV
DNA by qPCR. We tested salivary gland homogenates from the DM33 MCMV-vacci-
nated/Dm157 pARK challenged cohort, since the absence of M33 renders the vaccine
unable to colonize the salivary glands (30). These were compared to salivary glands
from unvaccinated/WT-challenged mice. In contrast to the unvaccinated/challenged
cohort that exhibited high levels of MCMV gDNA, all qPCR signals from DM33 MCMV-
vaccinated/challenged cohort were below the limit of detection (Fig. 4C). Thus, olfac-
tory vaccination prevented salivary gland colonization by a superinfecting MCMV.

Given that DM33 MCMV exhibited robust protection against superinfection, despite
low in vivo replication and spread, we next investigated whether replication-deficient
DgL MCMV could protect similarly. We nose-vaccinated mice with either DM33-MCMV
or a DgL. After 4 weeks, we challenged vaccinated mice with Dm157 pARK MCMV via
the same route. The IgG and IgM levels from DgL-vaccinated mice were equivalent to
those of unvaccinated controls, both 4 weeks after vaccination (not shown) and
14 days after postchallenge with Dm157 pARK (Fig. 4D). Although DgL vaccination
resulted in a 5-fold decrease in virus titers in the salivary gland compared to unvacci-
nated controls, its efficacy was significantly weaker than DM33 MCMV (P , 0.0001).
Thus, local replication of DM33 MCMV contributed to its ability to protect.

Vaccination does not prevent virus entry but protects against spread. To deter-
mine where vaccination arrests MCMV, we vaccinated mice with DM33 MCMV (5 � 105

PFU). We used MCMV-GFP challenge virus and compared colonization and spread
between DM33 MCMV-vaccinated mice and unvaccinated controls. At 3 days p.i., spo-
radic EGFP1 cells were detected in both vaccinated and naive nasal epithelia (indicated
by open arrows) demonstrating that vaccine protection was not afforded by establish-
ing sterile immunity (Fig. 5A). Quantification of infectious virus from homogenized
noses showed a reduced titer in vaccinated mice, but this reduction was not significant
(Fig. 5B).

We next sought to determine whether olfactory DM33 MCMV vaccination could
provide protection against challenge at a distal mucosal site. Lung MCMV infection
also spreads to the draining LN (the mediastinal LN) exclusively via CD11c1 DC and
thus uses an equivalent pathway to olfactory infection, but with more predictable
kinetics (18). In lungs from DM33 MCMV-vaccinated mice MCMV-GFP superinfection
was significantly reduced compared to unvaccinated controls (Fig. 5C). However, levels
of GFP1 MCMV in vaccinates at sites downstream of the lung—the mediastinal LN
(MLN), blood, and salivary glands (Fig. 5D to F)—were at the limit of detection for each
assay, suggesting that vaccination blunts spread of infectious virus prior to, or within,
the draining LN.

Olfactory vaccination augments mucosal innate and adaptive effector cell
populations. Since quantitative histology in the lung is considerably easier than in the
nasopharynx, we used lung superinfection to compare the nature of the inflammatory
infiltrates in vaccinates versus naive mice. As expected, EGFP1 infected cells were
detected in the lungs of vaccinated mice at day 3 p.i. (open arrowheads), albeit with
the EGFP signal markedly diminished and with significantly reduced numbers com-
pared to naive controls (Fig. 6A). Significantly higher numbers of CD681, CD41, CD81,
and NK1 cells were detected in the lungs of vaccinated mice compared to naive con-
trols, consistent with a host recall immune response (Fig. 6A and B). In summary, these
studies demonstrate that superinfecting virus was not neutralized prior to host entry in
vaccinated mice. Rather, vaccination induces the recruitment of diverse immune cells
that likely contribute to preventing virus spread.

In vitro serum neutralization titers do not correlate with in vivo protection. We
compared the ability of sera from WT- and DM33-vaccinated mice to neutralize cell-
free MCMV in vitro, using NIH 3T3 fibroblasts, SVEC-4 endothelial cells, NMuMG epithe-
lial cells, or RAW 264 macrophages as readouts of residual infection. Half-log dilutions
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of sera were incubated with WT MCMV-GFP for 1 h at 37°C, and the residual infectivity
was quantified on NIH 3T3, NMuMG, or RAW cells by enumerating GFP1 cells at 20 h
p.i. by flow cytometry.

The potency of antisera in preventing infection varied across the cell lines, with
RAW macrophages providing the most sensitive readout and SVEC-4 endothelial cells
the weakest (Table 1). Indeed, the serum dilution from WT-vaccinated mice required
for 50% virus neutralization was 15- to 60-fold higher using SVEC-4 cells as a readout
compared to RAW cells. Serum neutralization efficacy from WT- versus DM33-vacci-
nated mice was markedly disparate within cell lines, with up to a 10-fold difference in
serum dilution required for 50% neutralization for RAW macrophages and up to a 160-
fold difference for NIH 3T3 cells. Irrespective of differences in potency and efficacy,
neutralization of cell-free virus using fibroblast, epithelial, and endothelial cells as read-
outs did not correlate with in vivo protection. In contrast, the sensitivity of RAW cells as
a readout for neutralization, coupled with similar titers between vaccine sera, was
more predictive of in vivo protection (31).

Vaccine protection in olfactory vaccinated mice is independent of T cell effectors.
Previous studies have established the role of T cells in control of MCMV infection, par-
ticularly in the salivary glands (32, 33). Given that vaccination did not prevent olfactory
superinfection but arrested its cell-associated spread to the salivary glands, we tested
the requirement of T cells in restricting systemic MCMV spread in vaccinated mice.
BALB/c mice were nose vaccinated or not with DM33 MCMV (5 � 105 PFU/mouse) and
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FIG 5 Olfactory vaccination does not prevent initial colonization but blunts systemic spread. BALB/c mice were
given olfactory vaccination with DM33 MCMV (5 � 105 PFU) or not (n = 5 per virus group). After 1 month,
mice were challenged with 5 � 105 PFU MCMV-GFP by the same route. (A) Noses were harvested 3 days p.i.
and examined histologically for evidence of GFP1 infected cells. Open arrows indicate GFP1 infected cells; the
solid white bar denotes 50 mm. Infected GFP1 cells were observed sporadically in both vaccinated and naive
mice in the nasal epithelium; at least one GFP1 section per 20 independent sections was detected per mouse.
(B) BALB/c mice were infected or not as in panel A, and virus infection in the noses from MCMV-GFP
challenged mice was quantified at day 3 p.i. by a plaque assay (n = 4 mice per virus group). Differences
between titers were not significant. BALB/c mice were infected with DM33 MCMV or not as in panel A and
challenged 1 month later with MCMV-GFP via lung infection of anaesthetized animals. Infectious virus loads in
vaccinated and naive mice in lungs (C), MLN (D), and salivary glands (F) were quantified by plaque assay on
the days p.i. indicated. Viremia was quantified by qPCR at day 6 p.i. (E) Significance levels refer to a
comparison of vaccinates with their respective naive controls. The dashed bar indicates the limit of detection
for each tissue in each assay.
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FIG 6 Vaccinated mice exhibit amplified levels of local innate and adaptive lymphocytes. Adult BALB/c mice
were given olfactory vaccinations with either WT MCMV or DM33 MCMV (n = 4 mice per virus group; 5 � 105

PFU in 4 ml). BALB/c mice vaccinated as per Fig. 4 were lung challenged with 5 � 105 PFU of MCMV MCMV-
GFP (30 ml to sedated animals) 1 month after vaccination. (A) At 3 days p.i. lungs were examined to identify
superinfection (GFP1), and the cell surface phenotypes of local lymphocytes, including CD4, CD8, NK, and CD68
cells, was determined using specific antibodies. The scale bar denotes 25 mm. (B) Quantification of EGFP1 cells
and lymphocyte markers per field from three to five mice. Each symbol shows an independent value per field
of view (�20 magnification), and the bar indicates the mean value per group. A two-tailed Student t test
assessed differences between vaccinated and unvaccinated groups (*, P , 0.05; **, P , 0.01; ***, P , 0.001;
****, P , 0.0001).
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T cell depleted or not 1 month later. All mice were then nose challenged with Dm157
pARK MCMV. Collectively, the %CD41 T cells derived from undepleted mouse spleens
was 15.4 6 2.2 but 1.5 6 0.1 from depleted mice. The %CD81 splenic T cells for unde-
pleted mice was 8.6 6 1.5 but 0.76 0.1 for depleted mice (Fig. 7A).

In naive mice, T cell depletion ablated the host IgG, but not IgM responses consist-
ent with T cell-directed antibody switching (Fig. 7B). In vaccinated mice, IgM levels
accumulated following T cell-depletion, while IgG titers were unaffected. We quantified
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FIG 7 Olfactory vaccination protects against systemic MCMV spread via a T cell-independent mechanism.
BALB/mice were vaccinated or not with 5 � 105 PFU DM33 MCMV (n = 10 per group). 1 month later, half
the mice from each group were depleted of Thy 11 cells beginning day 21 relative to Dm157 pARK
MCMV olfactory challenge (5 � 105 PFU). Control mice were challenged in the absence of T cell
depletion. (A) Mice were euthanized 14 days postchallenge, and CD41 and CD81 T cell depletion was
confirmed by flow cytometry of spleens from three mice per group. (B) Serum IgM/IgG levels were
quantified by ELISA. Each point represents the means 6 the SD from five individual serum samples per
group. (C) Virus titers in the salivary glands were quantified by plaque assay. Virus loads in unvaccinated
T cell-depleted mice were significantly higher than the nondepleted cohort (P , 0.021). Virus loads of
vaccinated mice and T cell-depleted mice were below the limit of detection. The dashed horizontal line
indicates the assay detection limit.

TABLE 1 Sera from vaccinated mice show potency in preventing infection of myeloid cells
in vitroa

Vaccine

Cell line neutralization readoutb

RAW 264.7 macrophage NIH 3T3 fibroblast NMuMG (epithelial)
SVEC4-10
(endothelial)

WT-MCMV 1:1,428–1:3,333 1:400–1:2,000 1:111–1:167 1:20–1:100
DM33-MCMV 1:333–1:1,000 1:14–1:25 1:9–1:14 ,1:10
aHalf-log dilutions of sera taken frommice vaccinated or not with either WT-MCMV or DM33 MCMV were mixed
with MCMV-GFP for 90 min at 37°C. Antibody-virus mixtures (in triplicate) were added to monolayers of either
RAWmacrophages, NIH 3T3 fibroblasts, NMuMG epithelial cells, or SVEC4-10 endothelial cells. After 20 h, the
proportions of GFP1 cells in each culture were quantified by flow cytometry. The percentages of cells infected
in the absence of sera were equivalent across all cell lines. Pooled sera from unvaccinated (i.e., naive) animals
failed to exhibit 50% neutralization on any cell line, even at the highest concentration (10% [vol/vol]) used.

bValues are expressed as the serum dilutions required to neutralize 50% of the virus inoculum.
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virus load in the salivary glands 14 days p.i., shown in Fig. 7C. As expected, significantly
higher MCMV titers were sustained in the salivary glands of unvaccinated, T cell-
depleted mice compared with untreated controls (P , 0.021), consistent with their im-
portance for recovery from primary MCMV infection. However, T cell depletion did not
impair the efficacy of vaccination against salivary gland infection. Thus, vaccine protec-
tion against MCMV spread to the salivary glands was independent of T cell effectors.

DISCUSSION

Results from these studies provide proof of concept that a single olfactory MCMV
vaccine deficient in systemic spread can protect against WT MCMV superinfection and
dissemination. In situ imaging and virus quantification in tissues confirmed that olfac-
tory DM33 MCMV replication was confined to the nose and draining SCLN. Moreover,
by 3 months postvaccination, we did not detect reactivation of latent DM33 MCMV
from the spleen, suggesting that spread deficiency resulted in attenuated latency or
reactivation from latency. The protection afforded by DM33 MCMV vaccination was
markedly superior to a replication-disabled DgL vaccine counterpart, demonstrating
that the limited, local replication by DM33 MCMV was necessary and sufficient to prime
an immune response to limit MCMV systemic spread and colonization of the salivary
glands. Efficient protection by olfactory vaccination suggests that mucosal immuniza-
tion “educates” host immunity to provide responses relevant to limiting natural acqui-
sition of superinfecting virus.

Here, we demonstrated that the protection afforded by olfactory DM33 MCMV vac-
cination was not attributed to blocking host entry. Olfactory vaccination elicited weak
antibody responses, similar to previous studies of alpha- and gammaherpesvirus infec-
tions and is consistent with the highly cell-associated nature of herpesvirus dissemina-
tion (30, 34). While intranasal vaccination blunts mucosal entry by acute respiratory
infections (35, 36), our results support previous observations that herpesviruses are still
able to colonize the mucosa in vaccinated hosts (37, 38). Antibodies are generally
regarded to be important in limiting MCMV disease and preventing reactivation from
latency (39). As with most myeloid cells, MCMV replication in DC is not highly produc-
tive (40), and their cell-associated spread likely renders them resistant to neutralization
by antibody. Nevertheless, DC are potential targets for antibody-dependent cellular cy-
totoxicity (ADCC). Mucosal vaccination against persistent viruses elicits higher levels of
ADCC than parenteral routes (41). Notably, vaccination with MuHV-4 is dependent on
FcgR engagement consistent with ADCC-dependent mechanisms of virus clearance
(34, 42). Although the ADCC contribution to vaccine protection was not investigated
here, phagocytes and NK cells, whose numbers increased markedly in the SCLN of vac-
cinated mice, are candidate effectors.

Vaccinated mice exhibited a marked lymphocytic infiltrate consistent with a primed
immune response. Tracking of challenge virus in in situ revealed that infection in vacci-
nated mice was blunted at, or upstream of, the draining LN. Data from our previous
studies have demonstrated the role for M33/US28 GPCR signaling in facilitating the
rapid transit of MCMV1 DC from the draining LN to the blood (18). Enhanced B cell
responses in the SCLN in DM33 MCMV-vaccinated mice may be attributable to the
accumulation of DM33 MCMV in the LN (18).

We used salivary gland infection as the readout for systemic spread since MCMV
infection amplifies to high titers in naive mice 2 weeks postinfection. Once MCMV
reaches the salivary gland acinar cells, infection is shedding from the salivary glands is
resistant to antibodies (43). We were unable to detect MCMV colonization of the sali-
vary glands 2 weeks postchallenge. Surprisingly, protection against salivary gland
superinfection was achieved in T cell-depleted, vaccinated mice. A role for T cells in
protection is not excluded but, given that antibody responses provide the basis to
most antiviral vaccines, these data support the idea that antibody is important for pre-
venting virus spread. In addition, it is also possible that naive rather than primed T cells
in vaccinated mice were preferentially eliminated by antibody (44). Further studies
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quantifying the roles of antibody and T cell responses on vaccine efficacy are in pro-
gress to discriminate between these interpretations.

MCMV spreads from the mucosa to peripheral tissues via DC; extravasation of
infected DC from the blood is dependent on M33 (18). We reasoned that the failure of
DM33 MCMV1 DC to colonize peripheral tissues may account for previous reports of a
latency defect for DM33 MCMV in lung- challenged mice (27). Olfactory WT MCMV
infection results in latent MCMV loads below the level of detection in peripheral tissues
and thus similar to the clinical picture of HCMV-seropositive immunocompetent sub-
jects. Nevertheless, long-term explant cultures demonstrated that the spleen was a res-
ervoir of latent MCMV that was capable of reactivation. Notably, we were unable to
reactivate DM33 MCMV, providing an indication of vaccine safety. Studies are in pro-
gress to determine whether DM33 MCMV vaccination protects against the establish-
ment of a latent infection following superinfection.

Neutralizing antibody titers are the “gold standard” readout for predictions of
HCMV vaccine efficacy (45). The HCMV gB1MF59 adjuvant subunit vaccine elicited ro-
bust nonneutralizing antibodies that have been attributed to its 50% efficacy, although
the mechanism(s) of protection were not determined (14, 46). Dismissal of vaccine can-
didates on the basis that they elicit nonneutralizing serum antibodies may be thus pre-
dicated on assays irrelevant to in vivo outcome. Here, the varied neutralizing potency
of serum antibodies from WT- and DM33-vaccinated animals to efficiently block MCMV
infection in vitro suggested that direct neutralization of cell-free virus as the sole mech-
anism in preventing infection was unlikely. WT-vaccinated mice are exposed to a
higher antigenic load compared to DM33-vaccinated counterparts that may account in
part for increased neutralizing potency of antisera, yet disparities in potency between
cell lines also suggest differences in antibody efficacy. Nevertheless, except for RAW
cells, in vitro readouts did not provide a correlate of in vivo protection. RAW cells pro-
vided a sensitive readout of antibody function which may be attributable to antibody-
dependent phagocytosis, and this suggests the compelling possibility that antibody-
dependent cellular phagocytosis or other Fc receptor-dependent effector functions
may contribute and enhance the protection afforded by antibodies.

Preclinical studies in animal models that mimic natural infection provide insights
into what vaccination modalities may work in humans. Herpesviruses have coevolved
with their hosts (15), and thus infectious pathways and protective host responses are
likely conserved. Rodent models of natural infection provide the opportunity to trace
when, where, and how vaccines block superinfection. We have demonstrated that vac-
cination does not induce sterile immunity at the point of virus entry, similar to humans.
Nevertheless, we demonstrated that local immunity downstream of the mucosa blunts
DC-dependent systemic spread. Animal models for HCMV congenital infection, such as
rhesus and guinea pig cytomegaloviruses, will be invaluable to evaluate whether the
deletion of GPCR counterparts also prevents DC-dependent spread and, if so, their vac-
cine potential against congenital disease.

MATERIALS ANDMETHODS
Mice. Female 6-week-old BALB/c mice were derived from the Animal Resource Centre (Perth,

Australia). They were infected either intranasally without anesthesia (5 � 105 PFU in 4 ml; here desig-
nated “nose” infection) or under isoflurane anesthesia (5 � 105 PFU in 30 ml, here designated “lung”
infection). For luciferase imaging, mice were given 2 mg of luciferin i.p. and then scanned for light emis-
sion with a charge-coupled device camera (Xenogen, IVIS-2000). For vaccinations, groups of 5 to 10
mice were nose infected with either WT K181 strain MCMV (here referred to as “WT MCMV”) or DM33
MCMV (30). Blood samples were collected at 4 weeks p.i. to quantify virus-specific antibody levels. At 1
month postvaccination, mice were challenged by the same route and dose with Dm157 pARK MCMV
(29). Tissues were recovered postmortem for virus quantification. For T cell depletions, vaccinated and
age matched naive mice were i.p. administered 250 mg of anti-Thy1 (CD90; clone T24/31) on days 21,
11, 13,15,17, and 19 relative to nose challenge. T cell subset depletion, measured by flow cytometry
of spleen cells with antibodies to a distinct CD4 epitope (MAb RM4-4) or CD8b (MAb H35-17.2), was 90
and 93% complete, respectively, in anti-Thy1-treated animals, compared to nondepleted counterparts.
Experiments were approved by the University of Queensland Animal Ethics Committee in accordance
with Australian National Health and Medical Research Council guidelines (project 207/18).
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Cells and viruses. MCMV strain K181 (WT) and DM33, used with or without the luciferase tag, have
been described previously (18). Briefly, luciferase was expressed in tandem with the M78 lytic gene by
autocatalytic release. EGFP-tagged WT and DM33 MCMV used for histological studies have also been
described (18). M33 was disrupted by insertion of a premature translational stop codon (25). Dm157
pARK was used as the challenge virus; it was derived from WT strain K181 and, although it is genotypi-
cally distinct to WT by virtue of a small deletion in m157, it is phenotypically equivalent to WT K181 in
BALB/c mice (29). These viruses were propagated on NIH 3T3 cells (ATCC CRL-1658). The preparation of
MCMV deleted of the essential glycoprotein gL and the supporting gL1 NIH 3T3 cell line has been
described (18). MCMV DgL is pseudotyped gL1 by growth on the gL cell line, but since it is genetically
gL–, it is incapable of cell-cell spread. Cells were grown in Dulbecco modified Eagle medium supple-
mented with 2 mM glutamine, 100 IU/ml penicillin, 100 mg/ml streptomycin, and 10% fetal calf serum
(here, DMEM-10). Infected cells were precleared of cell debris by low-speed centrifugation (500 � g,
10 min), and then virus was concentrated by ultracentrifugation (35,000 � g, 2 h) and resuspended in
2% of the original volume. Infectious virus in cultured cells or tissue homogenates was quantified by pla-
que assay on murine embryonic fibroblasts (MEFs). Mouse epithelial cells, NMuMG cells (ATCC CRL-
1636), mouse endothelial SVEC4-10 cells (ATCC CRL-2181), mouse macrophages, and RAW 264.7 cells
(ATCC TIB-71) were all propagated in DMEM-10.

Immunostaining. Organs were fixed in 1% formaldehyde–10 mM sodium periodate–75 mM L-lysine
(18 h, 4°C), equilibrated in 30% sucrose (18 h, 4°C), and then frozen in optimal cutting temperature com-
pound (OCT). Sections (6 mm) were blocked with 0.1% Triton X-100–5% normal goat serum in phos-
phate-buffered saline (PBS) and then incubated (18 h, 4°C) with antibodies to CD45R/B220 (rat MAb
RA3-6B2; Santa Cruz); CD68 (rat MAb; FA-11; Abcam); CD11c (hamster MAb HL3), CD4 (rat MAb GK1.5),
and CD8 (rat Mab clone 2.43), all from BD Pharmingen; and NKp46 (rat MAb clone 29A1.4) and PNAd (rat
MAb MECA-79), both from BioLegend. Virus-expressed GFP was visualized directly. After incubation with
primary antibodies, sections were washed three times in PBS, incubated (1 h, 23°C) with combinations of
Alexa 488-, Alexa 568-, or Alexa 647-conjugated goat polyclonal antibodies (Abcam) and then washed
three times in PBS, stained with DAPI (49,69-diamidino-2-phenylindole), and mounted in ProLong Gold
(Life Technologies). For quantification of marker1 and MCMV-infected cells, at least 20 independent sec-
tions were counted from three to five mice. Images were acquired with a Zeiss LSM510 microscope and
analyzed with Zen software.

Flow cytometry. For measurement of the efficacy of T cell depletion, spleen homogenates were pre-
pared, and red blood cell were lysed. The cells were washed in FACS buffer (PBS containing 0.2% EDTA
and 1 mg/ml bovine serum albumin [BSA]) and Fc receptors blocked with anti-CD16/32 (2.4G2) for
30 min at 4°C. Cells were then incubated with the rat monoclonal antibodies: PerCP-Cy5.5-conjugated
anti-CD8 (clone 53-6.7), FITC-conjugated anti-CD4 (clone RM4-4), and Alexa Fluor 647-conjugated anti-
CD19 (clone 1D3) (all from BD Biosciences) for 1 h at 4°C. Cells were washed three times in FACS buffer
and analyzed with an Accuri flow cytometer (BD Biosciences).

Neutralization assay. Immune sera from vaccinated mice, or sera from aged-matched naive con-
trols, were harvested, and dilutions (in triplicate) were added to EGFP1 MCMV. After 90 min at 37°C, the
virus-serum mixtures were added to either RAW, NIH 3T3, NMuMG, or SVEC cells, and 20 h later, the level
of infection was determined by flow cytometry of GFP expression using an Accuri flow cytometer (BD
Biosciences). Serum neutralization is expressed as the dilution of serum required to neutralize 50% of
the virus infectivity.

ELISA. MCMV virions concentrated by centrifugation were resuspended in carbonate-bicarbonate
buffer (pH 9.6), and 100 ml per well was added to enzyme immunoassay plates (Corning; 4°C, 18 h). The
plates were washed three times with PBS/0.05% Tween 20, blocked with 2% BSA in PBS/0.05% Tween 20
(18°C, 1 h), and incubated (3 h, 37°C) with 3-fold dilutions of individual serum samples from vaccinated
(n = 10) and age-matched naive (n = 5) mice. The plates were washed three times with PBS–0.05%
Tween 20, followed by incubation with alkaline phosphatase-conjugated isotype-specific antibodies
(Southern Biotechnology; 1 h, 37°C). After four washes with PBS–0.05% Tween 20, the plates were devel-
oped with nitrophenylphosphate substrate (Sigma-Aldrich). The absorbance at 405 nm was read with a
Gen5 microplate reader (BioTeK).

B cell ELISPOT assay. Single-cell suspensions of SCLN and spleens were prepared by mashing each
organ through a wire sieve. BM was harvested from dissected tibias and femurs by flushing them with
RPMI 1640 medium, 25 mM HEPES (pH 7.4), 2 mM glutamine, 100 IU/ml penicillin, 100 mg/ml streptomy-
cin, and 10% fetal calf serum (complete RPMI). NALT was recovered by dissecting out the palate and
mashing it through a wire sieve. Red blood cells were removed by brief incubation in ammonium chlo-
ride solution. All cells were washed in complete RPMI before assay. Multiscreen polyvinylidene difluoride
(polyvinylidene difluoride) plates (Millipore) were washed with 50% methanol in water for 2 min, washed
twice with PBS, and then coated (18 h; 4°C) with MCMV virions resuspended in 0.05% Triton X-100/PBS.
The plates were then washed three times with PBS and blocked with complete RPMI. Threefold cell dilu-
tions of cell preparations in complete RPMI were added to duplicate wells, followed by incubation for 4
h at 37°C in 5% CO2. The plates were then washed three times in 0.1% Tween 20/PBS, incubated with
alkaline phosphatase-conjugated isotype-specific secondary antibodies (Southern Biotechnology; 18 h;
4°C), washed four times in PBS/0.1% Tween 20, and developed with BCIP (5-bromo-4-chloro-3-indolyl-
phosphate)–nitroblue tetrazolium substrate (Sigma-Aldrich). Spots were counted with a dissecting
microscope. Statistical comparisons were done by using a Student unpaired two-tailed t test.

PCR of latently infected tissues. Samples of lung, spleen, and bone marrow were harvested from
mice nose vaccinated 3 months previously with either WT MCMV or DM33 LUC MCMV and genomic
DNA isolated (Invitrogen Pure Link). MCMV was amplified using primers to amplify MCMV DNA genomic
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coordinates 41685 to 42755 (59-GAGCGACTACCTGCACGTG and 59-GACCTCTGCAGCTCCGAAC). Samples
were also amplified for cellular DNA using in-house genotyping primers (59-CAAATGTTGCTTGTCTGGTG
and 59-GTCAGTCGAGTGCACAGTTT). The limit of sensitivity was determined using WT MCMV plasmid at
a known copy number.

Quantitative PCR to measure viremia. DNA was prepared from blood samples (Wizard genomic
DNA purification; Promega). The quality of DNA recovered, monitored by determining the OD260/OD280

ratio, was .1.8. MCMV genomic coordinates 111218 to 111461 (59-CTAGGGAGCCTCATCCTCT and 59-AT
CGAGCGTGAGGTACAGGT) were amplified by qPCR (LightCycler 480 SYBR green; Roche Diagnostics) and
converted to genome copies by comparison to plasmid standards amplified in parallel. Cellular DNA
loads were quantified for each sample by amplifying a mouse titin gene fragment (59-AAAACGAGCAGT
GACGTGAGC and 59-TTCAGTCATGCTGCTAGCGC). Viral DNA levels were then normalized by comparison
to cellular DNA loads.

Reactivation of latent MCMV from spleen explants. Spleens from vaccinated or unvaccinated
mice were cut into 1-mm3 pieces. Individual pieces were placed into the wells of a 48-well tissue culture
plate containing RPMI supplemented with 2 mM glutamine, 100 IU/ml penicillin, 100 mg/ml streptomy-
cin, 50 mM 2-mercaptoethanal, and 10% heat-inactivated fetal calf serum. Medium was changed twice
weekly for 8 weeks. Explant supernatants were sampled for infectious virus twice weekly by plating onto
MEF monolayers. After 3 days, MEFs were fixed with 0.4% formaldehyde solution and stained with tolui-
dine blue. Monolayers were inspected for evidence of cytopathic effect.

Statistical analyses. Data were analyzed using GraphPad Prism 6.0. Comparisons were evaluated by
using a two-tailed Student t test with or without Welch’s correction; multiple groups within experiments
were compared by two-way analysis of variance (ANOVA) test with Tukey’s multiple comparison, and
reactivation data were compared using a two-tailed Fisher exact test. Results with .95% confidence
were considered significant.
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