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ABSTRACT Ocular herpes simplex keratitis (HSK) is a consequence of viral reactiva-
tions from trigeminal ganglia (TG) and occurs almost exclusively in the same eye in
humans. In our murine oro-ocular (OO) model, herpes simplex virus 1 (HSV-1) inocu-
lation in one side of the lip propagates virus to infect the ipsilateral TG. Replication
here allows infection of the brainstem and infection of the contralateral TG. Interest-
ingly, HSK was observed in our OO model only from the eye ipsilateral to the site of
lip infection. Thus, unilateral restriction of HSV-1 may be due to differential kinetics
of virus arrival in the ipsilateral versus contralateral TG. We inoculated mice with
HSV-1 reporter viruses and then superinfected them to monitor changes in acute-
and latent-phase gene expression in TG after superinfection compared to the control
(single inoculation). Delaying superinfection by 4 days after initial right lip inocula-
tion elicited failed superinfecting-virus gene expression and eliminated clinical
signs of disease. Initial inoculation with thymidine kinase-deficient HSV-1 (TKdel)
completely abolished reactivation of wild-type (WT) superinfecting virus from TG
during the latent stage. In light of these seemingly failed infections, viral ge-
nome was detected in both TG. Our data demonstrate that inoculation of HSV-1
in the lip propagates virus to both TG, but with delay in reaching the TG con-
tralateral to the side of lip infection. This delay is responsible for restricting viral
replication to the ipsilateral TG, which abrogates ocular disease and viral reacti-
vations from the contralateral side. These observations may help to understand
why HSK is observed unilaterally in humans, and they provide insight into vac-
cine strategies to protect against HSK.

IMPORTANCE Herpetic keratitis (HK) is the leading cause of blindness by an infec-
tious agent in the developed world. This disease can occur after reactivation of her-
pes simplex virus 1 in the trigeminal ganglia, leading to dissemination of virus to,
and infection of, the cornea. A clinical paradox is evidenced by the bilateral pres-
ence of latent viral genomes in both trigeminal ganglia, while for any given patient
the disease is unilateral with recurrences in a single eye. Our study links the kinetics
of early infection to unilateral disease phenomenon and demonstrates protection
against viral reactivation when kinetics are exploited. Our results have direct implica-

Citation Poccardi N, Rousseau A, Haigh O,
Takissian J, Naas T, Deback C, Trouillaud L, Issa
M, Roubille S, Juillard F, Efstathiou S, Lomonte
P, Labetoulle M. 2019. Herpes simplex virus 1
replication, ocular disease, and reactivations
from latency are restricted unilaterally after
inoculation of virus into the lip. J Virol
93:e01586-19. https://doi.org/10.1128/JVI
.01586-19.

Editor Rozanne M. Sandri-Goldin, University of
California, Irvine

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Marc Labetoulle,
marc.labetoulle@aphp.fr.

Received 19 September 2019
Accepted 19 September 2019

Accepted manuscript posted online 25
September 2019
Published

PATHOGENESIS AND IMMUNITY

crossm

December 2019 Volume 93 Issue 24 e01586-19 jvi.asm.org 1Journal of Virology

26 November 2019

https://orcid.org/0000-0001-9937-9572
https://orcid.org/0000-0001-9465-2381
https://doi.org/10.1128/JVI.01586-19
https://doi.org/10.1128/JVI.01586-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:marc.labetoulle@aphp.fr
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01586-19&domain=pdf&date_stamp=2019-9-25
https://jvi.asm.org


tions in the understanding of human disease pathogenesis and immunotherapeutic
strategies for the treatment of HK and viral reactivations.

KEYWORDS HSV-1, latency, reactivation, trigeminal ganglion, neurons,
superinfection, keratitis

Herpes simplex virus 1 (HSV-1) belongs to the Herpesviridae, which are widespread
in nature and have the characteristic feature of establishing lifelong latency in the

infected host (1). The unique natural host of HSV-1 is humans, in whom primary
infection occurs almost always via the oral mucosae (2, 3). Subsequently, the nucleo-
capsid travels by retrograde axonal transport to neuronal cell bodies (4) located in the
trigeminal ganglia (TG), where the virus establishes a latent infection. The main sites of
HSV-1 latency are the TG, which drive sensitive innervation of the face (5, 6) and where
the viral genome is retained for the entirety of the host’s life (7). Reactivations of these
latent reservoirs can propagate infection of various ocular tissues, leading to ocular
herpetic disease (OHD). The prevalence of OHD has been estimated at 150/100,000
inhabitants in the United States (8), and the annual incidence ranges between 12 and
30 per 100,000 inhabitants (8–10). Corneal recurrence of herpetic keratitis (HK) is the
most common clinical presentation of OHD (11). While some HK can resolve without
further complications, the cumulative risk of one or more recurrences is greater than
60% in persons over 20 years old (11). The risk of corneal opacities increases with the
number of relapses. Hence, HK is a sight-threatening disease, and 10-year follow-up has
shown that visual acuity is below 20/200 in more than 10% of affected eyes (10).

One of the most striking properties of HK is the unilateral nature of the recurrences
in almost all patients (6, 11), despite similar latent HSV-1 DNA loads in both the left and
right TG (5, 12, 13). This clinical-biological discordance suggests that the presence of
viral genome in the TG is not sufficient for precipitating a reactivation event. Further-
more, different animal infection models and in vitro studies have confirmed that under
conditions of sequential infection, immune (innate and adaptive) and HSV-1-mediated
(superinfection exclusion) mechanisms influence the severity of acute-phase clinical
signs and the establishment of latency by the superinfecting strains (14–18). However,
these mechanisms are unable to control the spread of superinfecting HSV-1 to neuronal
ganglia or to prevent reactivations completely. These studies support the idea that
reactivations of HSV-1 to cause recurrent disease are heavily influenced by the se-
quence of infection: the primary virus infecting the host attenuates the infectivity of
superinfections and their ability to reactivate from latency, while the primary virus
retains its own ability to reactivate.

The profound unilateral reactivation phenomenon of HK, in light of bilateral latent
HSV-1 infection, begs the question of how a primary infection can influence outcomes
of viral superinfection of the neuronal network. To explore these concepts, and to
investigate how the acute phase and virus latent state (linked to HK) were affected by
infection kinetics, we took advantage of a well-defined mouse model of oral-ocular
(OO) HSV-1 infection (19–22), which mimics several of the key aspects of OHD in
humans. After precise primary inoculation into the oral tissue segregated to the left side
of the upper lip, the ipsilateral TG (left) supports active virus replication from 4 days
after primary infection and acute keratitis occurs in the ipsilateral eye from 6 days
postinfection (DPI). During this time the virus also reaches the contralateral TG (right
side), although there is no infection of the right eye. Once the acute phase of the
infection has resolved, HSV-1 latency is detectable in both TG from 28 DPI. While the
latent HSV-1 DNA loads are similar in the TG (22), as described for humans (5, 12, 13),
neurons expressing high levels of latency associated transcript (LAT) are almost exclu-
sively detected in the TG ipsilateral to the lip inoculation site (21, 22). We have observed
that reactivation from latency occurred almost exclusively from one TG, the TG ipsilat-
eral to the site of inoculation, mimicking the unilateral nature of HK in humans (6).

We hypothesized that unilateral viral reactivation in animals and the ocular disease
patterns in humans could be related to the triggering of early events, induced during
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or just after the inoculation process, that eventually dictate the long-term establish-
ment of latency and unilateral reactivation. We explored this idea using a dual-
inoculation procedure in which HSV-1 reporter viruses were inoculated into the right
upper lip of mice to initiate viral infection, while virulent wild-type virus was inoculated
into the contralateral lip with delay. This study allowed us to determine how altered
HSV-1 infection kinetics would influence superinfecting virus acute phase, viral dissem-
ination, and latency establishment.

RESULTS
Unilateral lip inoculation of wild-type HSV-1 SC16 results in unilateral reacti-

vation in mice. HSV-1 inoculation in the oral-ocular (OO) model occurs in the upper lip
and is localized to the center of one side, at the mucocutaneous border. After
acute-phase replication in the lip, the virus disseminates to both left and right TG, as
previously demonstrated by an abundance of viral DNA and bilateral transcription of
ICP0 and LAT mRNA (21, 22). To demonstrate the unilateral HSV-1 reactivation phe-
nomenon, mice (n �14) were inoculated in the left lip with wild-type SC16 virus. Most
animals (12/14) survived the acute phase of infection and were sacrificed at 28 DPI. TG
were harvested and HSV-1 reactivation from individual TG was induced by ex vivo
culture. Infectious virus particles were generated from 50% of ipsilateral (left) TG
cultures, while no contralateral (right) TG cultures generated infectious virus (Fig. 1A).
A second group of mice (n � 5) infected via the same process were also harvested at
28 DPI, and HSV-1 genomes were detected by quantitative PCR (qPCR) targeting the gG
coding sequence (Fig. 1B). HSV-1 DNA was detected in abundance in all TG, with no
significant difference between HSV-1 DNA detected in left or right TG. These data
demonstrate that after lip infection restricted to one side, HSV-1 is propagated to the
both left and right TG. However, HSV-1 reactivations from latency occur unilaterally
from the TG ipsilateral to HSV-1 inoculation.

Delayed kinetics of infection block the transcriptional activity of superinfect-
ing virus in the ipsilateral TG. To further characterize the phenomenon of unilateral
HSV-1 reactivation from the ipsilateral TG, we questioned whether the naturally delayed
kinetics of viral arrival to the TG after lip infection (i.e., 4 DPI in TG ipsilateral and 6 DPI
in TG contralateral to infection [19]) was involved in restricting virus reactivation to the
ipsilateral TG. To explore this concept, we performed an initial virus inoculation in the

FIG 1 HSV-1 SC16 reactivation and viral DNA from TG harvested during latency. BALB/c mice were
inoculated in the left upper lip with wild-type HSV-1 SC16. At 28 DPI (i.e., a time known to correspond
with latent phase of TG infection in the OO model), mice were sacrificed. (A) TG from mice (n � 12) were
harvested and incubated individually in culture medium (CM) for 14 days. Aliquots of medium were
removed every 2 days and compensated with fresh CM. Infectious particle release (reactivation) from
aliquots was measured by plaque assay. Bars represent the percentages of TG cultures from individual
mice in which plaques developed at any given time. **, P � 0.01 (Kruskal-Wallis test). (B) DNA was
extracted and qPCR performed targeting the gG coding sequence or mouse GAPDH gene, according to
the method of Cavallero et al. (22). Results were determined as the average numbers of gG genome
copies relative to GAPDH DNA, and bars represent the 95% confidence intervals. ns, not significant.

Altered Kinetics of HSV-1 Infection Eliminates Disease Journal of Virology

December 2019 Volume 93 Issue 24 e01586-19 jvi.asm.org 3

https://jvi.asm.org


right lip followed by superinfection in the left lip. The superinfecting left lip inoculations
were performed in different groups of mice on different days, so that superinfecting
virus would disseminate to the ipsilateral (left) TG at delayed time points in relation to
the initial infection on day 0 (Fig. 2A). The right side infection aimed to produce day 4
right TG and day 6 left TG infection kinetics, while the delays in superinfection of the
left lip would achieve infection of the left TG before, during, or after this 4- to 6-day
window. To distinguish the initial infecting virus from superinfecting virus, we utilized
reporter viruses all derived from the SC16 parent strain: gJ-GFP for the initial right-side
inoculation and gJ-LacZ for superinfection in the left side. We previously observed that
mice infected with gJ-GFP lack signs of clinical morbidity (no death or ocular signs)
during the first 10 days after inoculation, despite the presence of replicating particles in
the TG at day 4 after inoculation, albeit to a much lesser extent than with wild-type
SC16 (unpublished observations).

A group of mice (n � 24) was inoculated with gJ-GFP in the right lip. Between 0 and
6 days later, subgroups of mice (n � 3) were superinfected with gJ-LacZ in the left lip.
Left and right TG were harvested from these animals that were sacrificed 6 days
postsuperinfection (DPSI), and fixed sections were analyzed for superinfecting virus
gJ-LacZ reporter gene activity by enumeration of �-galactosidase-positive (�-
galactosidase�ve) neurons in both TG (Fig. 2B). In the absence of an initial inoculation,
or when superinfection was performed up to 3 days after initial inoculation,
�-galactosidase�ve neurons were frequently observed in left (ipsilateral to the site of
superinfection) TG (11/12). Under all conditions, and in the vast majority of mice
(22/24), no �-galactosidase�ve neurons could be detected in the TG contralateral to the
site of superinfection (right TG). Strikingly, no �-galactosidase�ve neurons could be
detected in either the left or right TG from all mice that were superinfected at 4 DPI and
beyond (9/9; highlighted by bracket in Fig. 2B). These data demonstrated that any delay
between initial infection and contralateral superinfection in the lips leads to a reduction
in the numbers of cells harboring viral replication in the TG ipsilateral to the site of
superinfection during the acute phase. Furthermore, a 4-day delay or more abolished
superinfecting viral gene expression in the TG ipsilateral to the site of superinfection.

To further explore this phenomenon, we reproduced this sequence of inoculation
for all following experiments (i.e., an interval of 4 days between the initial infection in
the right lip and superinfection in the left lip). To determine if the elimination of
�-galactosidase activity of superinfecting gJ-LacZ virus was a consequence of restricted
virus migration to TG, 2 additional groups of mice (n � 10) were initially inoculated in
the right lip with either gJ-GFP or a mock inoculum. Superinfection with gJ-LacZ was
performed at 4 DPI in the left lip in all mice. Enumeration of �-galactosidase�ve neurons
at 6 DPSI identified gJ-LacZ virus transcriptional activity in mice receiving an initial
mock inoculation with phosphate-buffered saline (PBS) (Fig. 3A). The vast majority of

FIG 2 Quantification of HSV-1 superinfecting replication in the TG after initial infection and delayed superinfection. In each
group, BALB/c mice (n � 3) were inoculated initially in the right upper lip with gJ-GFP (1 �l of PBS was delivered for mock
infection) and superinfected in the left upper lip with gJ-LacZ. Superinfection was performed at different intervals per
group after the primary infection on days 0 to 6, or mice received only gJ-LacZ in the left lip for group C. All mice were
sacrificed during the acute phase of infection at 6 DPSI with gJ-LacZ. TG frontal cryosections (10 �m) were prepared and
stained with X-Gal reactant and counterstained with neutral red. �-Galactosidase�ve neurons were enumerated. The
bracket indicates groups corresponding to the period in which �-galactosidase�ve neurons were not detected (when
superinfection occurred between 4 and 6 days after initial infection); data points indicate average numbers of cells � SEMs.
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�-galactosidase�ve neurons were found in the TG ipsilateral (left) to the site of
inoculation with gJ-LacZ (62 � 33.5; range, 21 to 138) in initially mock-infected mice,
compared to extremely low numbers of �-galactosidase�ve neurons in some (4/10)
contralateral (right) TG (2 � 3.9; range, 0 to 9). In contrast, both left and right TG from
the 10 mice that received an initial gJ-GFP inoculation in the right lip before superin-
fection with gJ-LacZ in the left lip lacked �-galactosidase�ve neurons. This reduction in
the number of cells harboring lytic viral replication, between initial mock- or gJ-GFP-
infected groups, was significant (P � 0.01). Using an additional group of mice, which
underwent the same inoculation procedure, qPCR for LacZ sequence was performed to
detect superinfecting gJ-LacZ genomic DNA load from TGs harvested at 6 DPSI (n � 6
mice per group). Superinfecting virus DNA, relative to host glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), was abundant in both left and right TG whether
mice received an initial right-lip gJ-GFP inoculation (left TG, 8.45E�03 � 1.32E�02;
right TG, 4.23E�03 � 4.06E�03) or a mock inoculation (left TG, 1.73E�02 � 1.34E�02;
right TG, 9.21E�03 � 1.68E�02) (Fig. 3B). Combined, these data demonstrated that
superinfecting virus reporter gene activity was restricted to the TG ipsilateral to the site
of lip infection (left). Thus, an initial infection in the opposite side (right) 4 days prior led
to almost complete attenuation of superinfecting virus transcriptional activity in the TG
without blocking the dissemination of virus to the TG.

HSV-1 infection in the lip leads to inhibition of mortality and disease and a
major impact on the establishment of latency by a superinfecting virus. In the

FIG 3 Transcriptional activity of superinfecting gJ-LacZ in TG of mice inoculated 4 days prior with gJ-GFP.
Mice were initially infected in the right upper lip with gJ-GFP (or PBS for mock infection). Four days later,
mice were superinfected with gJ-LacZ in the left upper lip and sacrificed 6 DPSI with gJ-LacZ. (A) TG
frontal cryosections (10 �m) were prepared and stained with X-Gal reactant and counterstained with
neutral red. �-Galactosidase�ve neurons were enumerated. Symbols represent the number of
�-galactosidase�ve neurons from individual TG, and the horizontal bar represents the average. ***,
P � 0.001 (Kruskal-Wallis test). (B) DNA was extracted from whole TG samples (n � 6 per group) and used
as the template DNA for qPCR with primers targeting the lacZ gene or mouse GAPDH gene. The number
of gJ-LacZ genome copies per TG was determined relative to GAPDH. Bars indicate the average numbers
of gJ-LacZ genome copies relative to GAPDH DNA, and error bars represent the 95% confidence intervals.
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following series of experiments, we used the L�A reporter virus for left-side superin-
fection to explore whether a primary infection with the attenuated gJ-GFP virus would
translate into protection against L�A-associated diseases and mortality. While the L�A
reporter virus has an insertion of the lacZ gene within the LAT locus, this reporter virus
produces a virulent phenotype causing ocular disease and mortality in lip-infected mice
comparable to that of the parental SC16 wild type (20).

Two groups of mice (n � 30 per group) were initially mock infected, or initially
infected with gJ-GFP, in the right lip. All mice were then superinfected with L�A in
the left lip 4 days later. During the acute phase, mice that received the initial mock
inoculation exhibited signs of ocular diseases (67%), which included corneal cloud-
ing, corneal neovascularization, and/or iris atrophy with pupil mydriasis (Fig. 4A).
Furthermore, 40% experienced death during the first 10 days, similar to previous
observations of acute-phase L�A infection (Fig. 4B) (20). In contrast, when mice
received the initial gJ-GFP inoculation before L�A, there were no signs of ocular
morbidity, or mortality (Fig. 4A and B; endpoint chi-squared 2-tailed test, P � 0.001
for both panels A and B).

At 28 DPSI, corresponding to the superinfecting virus latency phase, mice (n � 6)
from each group were sacrificed and fixed TG sections were analyzed by microscopy for
�-galactosidase�ve neurons, as LacZ expression is a surrogate marker of LAT promoter
activity in the L�A strain (23). In initially mock-infected mice, significant numbers of
�-galactosidase�ve neurons were counted in the left TG (199 � 170.7; range, 48 to 498),
the TG ipsilateral to the site of L�A superinfection (Fig. 4C). In stark contrast to the
mock-infected mice, only a few �-galactosidase�ve neurons were found in the TG
ipsilateral to L�A superinfection when mice were initially infected with gJ-GFP
(3.5 � 4.4; range, 0 to 9; mock versus gJ-GFP initial infection, P � 0.01). These reduced
numbers of positive neurons were similar to those elicited in the TG contralateral to
superinfection of initially mock-infected mice (mock right TG, 3.0 � 3.8; range, 0 to 9)

FIG 4 Mortality, ocular disease, and LAT promoter activity during latency phase of L�A superinfection are
extinguished in mice receiving an inoculation of gJ-GFP 4 days prior. BALB/c mice were infected in the right upper
lip with gJ-GFP (or PBS for mock infection). At 4 DPI, mice were superinfected in the left upper lip with L�A. Ocular
disease (corneal clouding, corneal neovascularization, and iris atrophy with pupil mydriasis) (A) and deaths (B) were
recorded. At 28 DPSI with L�A, mice were sacrificed. Endpoint chi-squared 2-tailed test was performed for groups
in panels A and B. *, P � 0.001. (C) TG frontal cryosections (10 �m) were prepared and stained with X-Gal reactant
and counterstained with neutral red, and �-galactosidase�ve neurons were enumerated. Symbols represent the
numbers of �-galactosidase�ve neurons from individual TG, and the horizontal bar represents the average. **,
P � 0.01 (Kruskal-Wallis test). (D) DNA was extracted from whole TG samples (n � 6 per group) and used as the
template DNA for qPCR with primers targeting the lacZ gene or GAPDH gene. The number of gJ-LacZ genome
copies per TG was determined relative to GAPDH. Bars indicate the average numbers of gJ-LacZ genome copies
relative to GAPDH DNA, and error bars represent the 95% confidence intervals.
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and also the TG contralateral to superinfection in initially gJ-GFP-infected mice (gJ-GFP
right TG, 0). The load of superinfecting L�A DNA was quantified in left and right TG to
rule out restricted viral dissemination as a cause for the reduction in numbers of
�-galactosidase�ve neurons. L�A-superinfected animals (n � 6), which were initially
mock or gJ-GFP infected, were sacrificed, and DNA was extracted from TGs. Quantifi-
cation of L�A by qPCR, relative to host GAPDH, demonstrated no significant difference
in superinfecting L�A genome loads between left and right TGs or between TGs of mice
initially mock or gJ-GFP infected (gJ-GFP or mock: P � 0.05 for all comparisons)
(Fig. 4D). These data demonstrated that while L�A virus disseminated to both TG
during the acute phase, an initial infection 4 days prior in the lip opposite to superin-
fection prevented superinfecting L�A-mediated ocular disease and mortality without
blocking viral dissemination and included the attenuation of LAT promoter activity
during latent phase.

HSV-1 TKdel mutant infection in the lip attenuates acute and latent superin-
fecting virus activity and eliminates reactivation from latency. Our original objec-
tive was to determine how altering kinetics of infection would influence superinfec-
tions, specifically. Thus, to avoid bias toward reactivation that might be elicited by
initial reporter virus reactivations in the TG explant method (24), we sought a virus
mutant that would be unable to reactivate from TG for use as the initial inoculating
virus. Previous studies have shown that HSV-1 mutants deficient for thymidine kinase
(TK) expression were unable to replicate in neurons (nonneurovirulent) but could still
enter latency and persist in neuronal cells of immunocompetent animals (24). Ideally,
these mutants could not reactivate from a latent state without rescue by nondefective
virus (24–28). We utilized a TKdel mutant derived from the SC16 parent strain for initial
infections in reactivation studies (26). Nonreactivatable TKdel allowed us to observe how
reactivation from latency of the superinfecting virus alone would be influenced by the
altered kinetics introduced by the earlier initial infection.

Mice were initially mock infected or infected with TKdel in the right lip. Four days
postinfection, mice were superinfected with L�A (n � 17) or with SC16 wild-type virus
(n � 20) in the left lip. During the acute phase of L�A or SC16 superinfection (and up
to 15 DPSI), mice that received an initial TKdel inoculation lacked signs of ocular
morbidity, mortality, and weight loss (L�A [Fig. 5A to C; endpoint chi-squared 2-tailed
test, P � 0.001 for both panels A and B). In contrast, mice which were initially mock
infected exhibited the expected rates of morbidity described earlier with L�A alone
(20).

Mice (n � 5) from both groups were randomly sampled at day 6 DPSI to observe
L�A-associated LAT promoter activity during the acute phase (Fig. 5D). As expected, all
of the left TG from mice that were initially mock infected, before superinfection in the
left lip with L�A, contained �-galactosidase�ve neurons (272 � 155.5; range, 99 to 483).
Furthermore, TG contralateral to the L�A superinfection (4/5) contained extremely low
numbers of �-galactosidase�ve neurons (6 � 7.0; range, 0 to 18). In striking contrast,
both the left and right TG from mice initially infected with TKdel before left lip
superinfection with L�A were almost completely devoid of �-galactosidase�ve neurons
(superinfected left TG, 14 � 12.8; range, 3 to 21; superinfected right TG, 0). This
reduction in �-galactosidase�ve neurons was statistically significant (P � 0.009). These
data demonstrated that an initial infection with a virus unable to replicate in neurons
could trigger protection against acute-phase disease, which corresponded with the
attenuation of virulent superinfection viral gene expression.

To understand further the consequences of nonneurovirulent initial infection on the
transcriptional activity of superinfecting virus during latency, LAT promoter activity was
monitored during the latent phase (28 DPSI) of L�A virus infection (Fig. 6A). While
�-galactosidase�ve neurons were frequently detected in all TG ipsilateral to L�A
superinfection in initially mock-infected animals (132 � 75.3; range, 72 to 219), there
was a significant reduction in �-galactosidase�ve neurons of TG ipsilateral to L�A
superinfection in initially TKdel-infected animals (5 � 8.2; range, 0 to 21; P � 0.01 from
3/6 animals). �-Galactosidase�ve neurons in right TG, contralateral to the site of L�A
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superinfection, were detected only from mock-infected animals (1 � 1.1; range, 1 to 3)
and were not detected in right TG from superinfected mice that received the initial
TKdel inoculation. Meanwhile, abundant loads of superinfecting L�A viral genome were
detected from the left and right TG of mock-infected animals and in mice that received
an initial TKdel inoculation (Fig. 6B). Additional groups of mice were either mock
infected or infected with TKdel in the right lip and then left for 1 month before
superinfection in the left lip with L�A. Mice were randomly sampled at day 28 DPSI (day
56) to observe L�A-associated LAT promoter activity during latency (Fig. 6C). Similar to
the case with a 4-day delay, frequent �-galactosidase�ve neurons were detected in the
TG ipsilateral to infection with L�A in mice that were initially mock infected, whereas
in mice receiving an initial TKdel inoculation, �-galactosidase�ve neurons were almost
undetectable from both TG. Meanwhile, L�A DNA was found in both left and right TG
in groups of mice that were initially inoculated with TKdel or not (Fig. 6D). These data
demonstrate that in the TG, LAT promoter activity of superinfecting virus was abro-
gated by initial infection with TKdel in the lip from 4 days before superinfection in the
contralateral lip and were long-lived up to 28 DPSI.

Superinfecting virus reactivations from latency after the TKdel initial infection were
quantified from explanted TG in 4 additional groups of mice sacrificed 28 DPSI. Groups
were initially mock infected, infected with TKdel in the right lip or in the right footpad,
and then superinfected with L�A or wild-type SC16 virus in the left lip 4 DPI. The
supernatants from the TG cultures generated viral plaques only from cultures of TG
ipsilateral to superinfection with L�A and SC16 virus (left) when initially mock infected
(40% and 64% of TG, respectively [Fig. 7A and B, respectively]). Interestingly, no plaques
were detected from any TG cultures from mice that were initially infected in the lip with
TKdel and superinfected with L�A or the SC16 wild type. However, 53% of TG cultures
from mice that were initially infected in the footpad with TKdel generated viral plaques.
These data demonstrated that a fully virulent superinfecting HSV-1, which is normally
capable of reactivating and was present in abundance bilaterally (at a viral load

FIG 5 Mortality, ocular disease, weight loss, and acute-phase LAT promoter activity of L�A superinfection are extinguished in mice
when initially infected with TKdel 4 days prior. Mice initially infected in the right lip with TKdel (or PBS for mock infection) and again
4 DPI in the left lip with L�A were monitored for 15 days. Ocular disease signs (corneal clouding, corneal neovascularization, and iris
atrophy with pupil mydriasis) (A) and deaths (B) were recorded. Endpoint chi-squared 2-tailed test was performed for groups in panels
A and B. *, P � 0.05. (C) Weights of individual mice were recorded from before the first infection and daily for the duration of the
experiment. Data represent the means of the lowest measure for each animal during the acute phase. At 6 DPSI with L�A mice were
sacrificed. (D) TG frontal cryosections (10 �m) were prepared and stained with X-Gal reactant and counterstained with neutral red, and
�-galactosidase�ve neurons were enumerated. Symbols represent the numbers of �-galactosidase�ve neurons from individual TG, and
the horizontal bar represents the average. **, P � 0.01 (Kruskal-Wallis test).
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compatible with reactivation), was unable to reactivate if mice were initially infected in
the lip, but not the footpad, with nonneurovirulent virus 4 days prior to the contralat-
eral superinfection. We can infer that TKdel was not rescued by the superinfection
4 days later or during TG explant culture. These results indicate that an initial TKdel

infection did not prevent superinfecting L�A from entering the TG to establish latency,
as assessed by measurement of latent DNA loads. However, an initial TKdel infection in
the lip led to control of transcriptional activity of the HSV-1 genomes and blocked
reactivation. In contrast, an initial TKdel infection in the footpad did not abrogate
reactivations from latency.

Attenuation of acute disease mediated by initial HSV-1 TKdel inoculation occurs
systemically. To further probe the ability of initial TKdel inoculation to dictate acute-
phase and latent-phase superinfection outcomes, mice were initially mock infected or
infected with TKdel in the right lip or right footpad. After 4 days, mice were challenged
with virulent SC16 in the left lip and were monitored for signs of disease. Mice that were
initially mock infected displayed rates of mortality (�30%), ocular disease (�60%), and
weight loss as expected after a challenge with virulent SC16 in the lip (Fig. 8). In
contrast, mice that received an initial inoculation of TKdel in the lip or footpad were
completely protected from signs of disease. These data demonstrate that acute-phase
disease, as a consequence of virulent superinfection in the lip, was attenuated system-
ically by an initial inoculation with TKdel 4 days prior to superinfection.

DISCUSSION

In humans, almost all HK recurrences are unilateral (6, 11), while the viral load is
not statistically different between left and right TG for a given patient (5, 12, 13).

FIG 6 Reduced LAT promoter activity of L�A superinfection, with maintained viral DNA load, in mice initially infected with TKdel 4 or 28 days prior. Mice initially
infected in the right lip with TKdel (or PBS for mock infection) and superinfected at 4 DPI or 28 DPI in the left lip with L�A. Mice were sacrificed 28 DPSI. TG
frontal cryosections (10 �m) from mice, superinfected at 4 DPI (A) or at 28 DPSI (C), were prepared and stained with X-Gal reactant and counterstained with
neutral red, and �-galactosidase�ve neurons were enumerated. Symbols represent the numbers of �-galactosidase�ve neurons from individual TG, and the
horizontal bar represents the average. **, P � 0.01 (Kruskal-Wallis test). DNA was extracted from whole-TG samples (n � 5 per group) harvested from mice that
were superinfected, at 4 DPI (B) or 28 DPSI (D), and used as the template DNA for qPCR with primers targeting the lacZ gene or murine GAPDH gene. The
number of L�A genome copies per TG was determined relative to GAPDH. Bars indicate the average numbers of L�A genome copies relative to GAPDH DNA,
and error bars represent the 95% confidence intervals.
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These data suggest that HSV-1 infection yields a different state of latency between
left and right TG of the same infected individual. Using a mouse model of HSV-1
labial primary infection, in which infection is performed unilaterally at the orofacial
cavity, we have previously demonstrated that both ipsilateral and contralateral TG
are infected, with a 2-day delay between the former and the latter in any given
animal (21, 22).

Using this model in the present study, we have shown that HSV-1 reactivation
occurs solely from the TG ipsilateral to infection (Fig. 1A), while virus genomic DNA is
present bilaterally (Fig. 1B). As symmetrical nerve networks innervating the left and
right sides of the face are directly linked to a corresponding left or right TG (20), virus
propagation from a primary lip infection, localized to one side of the face, is directly
associated with axons of the TG aligned to that side of the face, thus explaining how
this ipsilateral TG is infected before the contralateral TG. We therefore hypothesized
that asymmetry of HSV-1 acute-phase activity and recurrences in humans are associ-
ated with differential kinetics of virus arrival in ipsilateral and contralateral TG during
orofacial infection. Upon lip infection, the virus must disseminate through second- and
third-order midbrain neurons of the trigeminal pathways to reach the contralateral TG,
but with a delay in comparison to infection of the TG that is ipsilateral and directly

FIG 7 Rates of HSV-1 reactivation from explanted TG from mice initially infected with TKdel and
superinfected with HSV-1 SC16 wild-type or L�A reporter virus 4 days later. Groups of BALB/c mice were
initially infected in the upper right lip with TKdel (or PBS for mock infection) or in the right footpad (TKdel

FOOTPAD). At 4 DPI, mice were superinfected in the left lip with the L�A reporter virus (n � 10 mice) or
the wild-type SC16 parent strain (TKdel lip initial n � 14 mice and TKdel footpad initial n � 13). All mice
were sacrificed at 28 DPSI, corresponding to the latent phase of TG infection in the OO model. TG were
harvested and incubated individually in CM during 14 days. Aliquots of medium were removed every 2
days and compensated with fresh CM. Infectious particles released (reactivation) from aliquots were
quantified by plaque assay. Bars represent the percentages of cultured TGs that developed plaques at
any given time. ***, P � 0.001 (Kruskal-Wallis test).
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connected to the infected lip site (as described in references 19 and 20). We confirmed
this notion by utilizing a dual-inoculation process in which an initial HSV-1 infection in
the lip aligned to one side was followed by a contralateral lip superinfection with
different reporter viruses derived from the same HSV-1 strain. Delaying by 4 days or
more the inoculation of superinfecting virus resulted in a complete inhibition of the
acute phase of superinfection in the ipsilateral TG (Fig. 2 and 3A), with concomitant

FIG 8 Initial infection with TKdel attenuates mortality, ocular disease, and weight loss associated with
virulent wild-type superinfection occurring 4 days later. Mice were initially mock infected with PBS or
infected with TKdel in the right lip (n � 20 per group) or in the right footpad with TKdel (TKdelFOOT)
(n � 12 per group). At 4 DPI mice were superinfected with SC16 wild-type HSV-1 in the left lip, and they
were monitored for 15 days. Deaths (A) and ocular disease signs (corneal clouding, corneal neovascu-
larization, and iris atrophy with pupil mydriasis) (B) were recorded. Endpoint chi-squared 2-tailed test was
performed for groups in panels A and B. *, P � 0.001. Weights of individual mice were recorded from
before the first infection and daily for the duration of the experiment. Data in panel C represent the
means of the lowest measure for each animal during the acute phase.

Altered Kinetics of HSV-1 Infection Eliminates Disease Journal of Virology

December 2019 Volume 93 Issue 24 e01586-19 jvi.asm.org 11

https://jvi.asm.org


elimination of morbidity and mortality (Fig. 4A and B). Virus was still propagated to the
ipsilateral and contralateral TG, as detected by viral genomic qPCR (Fig. 3B, 4D, and 6B
and D). Interestingly, this 4-day window correlated with the time to develop adaptive
immune surveillance, critical in the control of acute-phase HSV-1 infection in other
mouse models (29–31). HSV-1-specific cytotoxic T cell function has been recorded in
draining lymph nodes as early as 2 DPI, and proliferating HSV-1-specific T cells were
found in the spleen 4 DPI (32); these cells provide long-lived protection by mounting
rapid responses to a viral challenge. On the other hand, innate anti-HSV-1 mecha-
nisms triggered by neurons, and driven by type I and type II interferons, have been
reported to shut down viral transmission and repress acute-phase HSV-1 lytic
activity (33, 34). The outcome of HSV-1 infection of the TG is further dictated by the
neuronal subtypes that are infected, with NefH�ve neurons more efficient for
harboring virus in latent state than NefH-negative (NefH�ve) neurons, which are
more efficient in harboring lytic viral replication (35, 36). Even so, our observations
from dual infection, in which altered kinetics of TG infection incurred attenuation of
viral replication in the contralateral TG, may illustrate why acute-phase HSV-1
activity is restricted to the ipsilateral TG after orofacial infection. Indeed, a plausible
explanation raised from our experiments is that while the TG ipsilateral to the site
of orofacial inoculation becomes infected rapidly, the delay in travel time for virions
to arrive in the contralateral TG enables the development of appropriate antiviral
mechanisms in the host, which elicit protection against viral replication and asso-
ciated disease of the contralateral side.

The use of a thymidine kinase-deficient mutant, TKdel, for the initial infection
allowed us to explore further the implications of delayed superinfection of the con-
tralateral TG on viral reactivations. The TKdel mutant HSV-1 can cause a fulminant
infection in epithelial tissue during acute infection, is known for its capacity to establish
latency and persist, but is unable to reactivate or replicate in neurons (24, 26, 37).
Infectious particles can be found only at the site of lip infection during the acute phase
and not from either TG (data available upon request). Hence, this mutant virus is unable
to spread from one neuron to another in the TG and by extension cannot proceed to
the TG contralateral to lip infection. Here we describe a major protective state elicited
by TKdel infection. LAT promoter activity of the L�A superinfecting virus, ocular
signs of disease, and mortality of the superinfected mice were eliminated by initial
infection with the TKdel mutant virus (Fig. 5, 6, and 8). While efficient protection
elicited by priming with attenuated virus is in line with previous experimental
reports (37–42), of great interest was the complete absence of virulent wild-type
superinfecting virus reactivations from ipsilateral and contralateral TG in initially
TKdel-infected animals (Fig. 7). To establish protection against reactivation, footpad
initial infection (not affecting the trigeminal neural network) was ineffective at
blocking reactivations, while contralateral lip infection was effective. In contrast,
initial inoculation with TKdel in the footpad was able to elicit attenuation of
acute-phase disease (Fig. 8). These findings suggest that different immune- or
virus-mediated mechanisms are required to protect against acute-phase lytic gene
expression and associated disease versus blocking reactivations. Therefore, yet-
unappreciated mechanisms exist for controlling viral reactivation that may involve
properties unique to nonneurovirulent HSV-1 mutants. Further studies are required
to determine whether the prophylaxis against reactivation elicited by TKdel is
mediated by eliciting local adaptive cellular immunity (37) and/or by HSV-1-
mediated cellular-level functions (14, 18). Defining these conditions may enable
exploitation for the control of viral reactivation from the TG.

Our study was motivated by observations of unilateral HSV-1 infection and
reactivation in the OO model and by clinical observations of recurrent unilateral
human ocular disease. Altered lateral kinetics of infection, elicited by performing an
initial inoculation in the lip contralateral to a delayed secondary infection, attenu-
ated superinfection viral gene expression. A key interval of 4 days’ delay between
infections was discovered, after which protective mechanisms had extended to
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include the lip and/or TG contralateral to the side of initial infection. These results
are promising, as the natural origin of HSV-1-mediated ocular disease is from viral
replication in the TG. However, superinfecting viral DNA was abundant in the
opposing TGs, illustrating uncontained viral dissemination through the neural
network. Initial infection with TKdel led to a profound absence of viral reactivations
from latency in mice superinfected with virulent HSV-1. These results indicate that
reactivation and, more particularly, unilateral recurrence are manifestations of
latency establishment early during acute-phase infection in which the ipsilateral TG
is directly linked to the orofacial site of inoculation and is infected before a critical
state of immunity has occurred, in contrast to the contralateral TG, which is infected
after this event. Further characterization of the mechanism restricting virus activity
unilaterally will help to elucidate effective strategies for eliminating virus reactiva-
tion from the TG. These results are promising for understanding how the kinetics of
HSV-1 infection influence the unilateral nature of virus activity and disease and for
future studies aiming to develop preventive or therapeutic strategies. Future
directions should include elucidation of local immune phenomena and inflamma-
tory processes that are altered by the delayed orofacial infection kinetics, to
discover how nonneurovirulent virus initial infection inhibits HSV-1 reactivation
from the TG; these are the subjects of our ongoing studies.

MATERIALS AND METHODS
Virus strains and cells. The wild-type SC16 strain of HSV-1 (43) was used as background for the

following genetically modified viruses.
Reporter viruses SC16-BE8 (44) and SC16-C12 (45), termed gJ-LacZ and gJ-GFP here, respectively,

contain an IE1CMV (immediate early promoter 1 of cytomegalovirus) promoter-driven lacZ or
eGFP gene inserted in the US5 locus (encoding the gJ protein). �-Galactosidase activity or enhanced
green fluorescent protein (eGFP) fluorescence was used as a virus-specific marker of active viral
replication.

The recombinant L�A strain contains an encephalomyocarditis virus internal ribosomal entry site
(IRES) inserted just before the lacZ gene of Escherichia coli (insertion into a 168-bp HpaI deletion
[nucleotides 120301 to 120469]) within the major LAT locus (23). �-Galactosidase activity was used as a
strain-specific marker for active viral replication and to assess LAT promoter activity.

The recombinant HSV-1 SC16 mutant TKDM21, termed TKdel here, harbors an 816-bp deletion within
the thymidine kinase (TK) coding region (26). Viruses were propagated and titrated using the Vero cell
line (ATCC) as previously described (19).

The expression of eGFP and lacZ cassettes from these strains faithfully reflects the transcription or
expression of viral genes driven by the same promoters (20, 46). These strain-specific reporter genes were
targeted for detection of specific viral genomes by qPCR, and strain-specific reporter gene expression
was quantified as a surrogate marker for strain-specific viral activity.

Inoculation procedures. Six-week-old inbred female BALB/c mice (Janvier Breeding, Le Genest-
Saint-Isle, France), receiving unrestricted access to food and water, were used for the experiments.
Procedures were performed under general anesthesia induced by intraperitoneal injection of 0.1 ml of a
solution containing ketamine (25 mg/ml) and xylazine (20 mg/ml). Analgesic was added to drinking
water during the first 10 days postsuperinfection (DPSI). Using a custom-made glass microneedle and
Harvard microinjector, viral suspensions in saline solution of 1 	 106 PFU of virus in 1-�l volumes were
injected below the epithelium of the right upper lip for initial infections. One microliter of saline was
administered for mock inoculation. Superinfecting virus of identical virus load and volume was inocu-
lated at defined later time points below the epithelium of the left upper lip, as previously described (19).
Mice were observed daily for clinical signs of ocular infection from 0 to 28 DPSI, as previously described
(20). Mice were randomly sacrificed at either 6 DPSI for acute infection or 28 DPSI for latent infection and
reactivation studies. The experimental procedures involving animals were performed under general
anesthesia. All procedures involving experimental animals conformed to ethical standards of the
Association for Research in Vision and Ophthalmology (ARVO) statement for the use of animals in
research and were approved by the local ethics committee (CEEA 59).

Quantification of HSV-1-infected cells and viral genome copy number in TG. After sacrifice, TG
were removed and processed according to the procedures for 5-bromo-4-chloro-3-indolyl-�-D-
galactopyranoside (X-Gal) assays on histological cryosections, or for qPCR on DNA extracts from whole
tissues, as previously described (22). Primers used for quantification of reporter regions of HSV-1 strain
genomic DNA gJ-LacZ and gJ-GFP are listed in Table 1, or as defined for gG by Cavallero et al. (22). qPCR
conditions for viral DNA amplification involved activation for 15 min at 95°C, amplification for 15 s at 94°C
and 1 min at 58°C (repeated 40 times), and a hold 5 min at 25°C; for GAPDH PCR, conditions involved
activation for 15 min at 95°C, amplification for 15 s at 94°C, 1 min at 58°C, and 130 s at 72°C (repeated
30 times), and a melting curve for 1 min from 50°C to 90°C. Viral genome copy number was determined
relative to murine GAPDH.
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Ex vivo explant reactivation assay. In the OO model, a state of HSV-1 latency is achieved at 28 DPI
(20). Latency is disrupted by culture of TG ex vivo, which results in the release of infectious virus into the
culture supernatant, corresponding to ex vivo reactivation (47). Mice were sacrificed 28 DPSI, and both
TG were removed and then cultured in culture medium (CM): Dulbeco’s modified eagle medium (DMEM)
supplemented with 8% fetal calf serum and 1% streptomycin plus penicillin. An aliquot of medium
(200 �l) was sampled from each culture well every 2 days for up to 14 days, and an equivalent 200 �l of
medium was added to the TG culture to compensate for the loss. TG culture media from days 0, 4, 6, 8,
10, and 14 were plated on Vero cell monolayers to perform plaque assays using serial dilutions (10�1,
10�2, and 10�3). Reactivation was recorded for a single TG if plaques were observed for any of the time
points measured. Generally, between 2 and 10,000 plaques were enumerated, and the peak yield of
infectious virus usually occurred at day 8 of culture.

Plaque assay for identification and quantification of virus. To identify the virus that reactivated
following infection with gJ-GFP, and superinfection with gJ-LacZ or L�A, all GFP�ve and GFP�ve plaques
were enumerated by fluorescence microscopy. �-Galactosidase�ve GFP�ve plaques were identified by
staining cell monolayers with neutral red (0.02%) after fixation with paraformaldehyde 4% for 15 min at
room temperature and counterstaining with X-Gal reactant [0.33 mg/ml X-Gal, 5 mM K4Fe(CN)6, 5 mM
K3Fe(CN)6, 2 mM MgCl2, 0.01% sodium deoxycholate, and 0.1% Triton X-100] for 1 h at 37°C. Plaques that
expressed �-galactosidase stained blue, whereas the GFP-expressing virus-, TKdel-, and SC16 wild-type-
associated plaques remained transparent. When TKdel, SC16, or a mock inoculation was performed
initially, the identification of SC16 or L�A strain reactivation plaques was performed after staining of the
cell monolayer with crystal violet.

Infectious HSV-1 particle titration of homogenized TG. As described previously (34), the TG
harvested from sacrificed mice were homogenized in microtubes containing 250 �l of DMEM. Three
cycles of freeze-thawing were performed with liquid nitrogen, and the samples were centrifuged and
supernatants stored at – 80°C until use. Serial dilutions were used to titrate the virus on Vero cells using
plaque assays (as described above).

Statistical analyses. The nonparametric Kruskal-Wallis test was used to analyze histological data and
viral DNA loads (qPCR). Means and 95% confidence intervals (CI) were calculated with STATA 13.1
(StataCorp, USA). Endpoint chi-squared 2-tailed test was performed for survival curves.
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