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Initial TK‑deficient HSV‑1 infection 
in the lip alters contralateral lip 
challenge immune dynamics
Antoine Rousseau1,2,5, Oscar Haigh1,5*, Roger Legrand1, Jean‑Louis Palgen1, 
Julien Lemaitre1, Claire Deback3, Noémie Oziol1, Patrick Lomonte4 & Marc Labetoulle1,2*

Primary infection with herpes simplex type 1 (HSV-1) occurring around the mouth and nose switches 
rapidly to lifelong latent infection in sensitive trigeminal ganglia (TG) neurons. Sporadic reactivation 
of these latent reservoirs later in life is the cause of acute infections of the corneal epithelium, which 
can cause potentially blinding herpes simplex keratitis (HSK). There is no effective vaccine to protect 
against HSK, and antiviral drugs provide only partial protection against recurrences. We previously 
engendered an acute disease-free, non-reactivating latent state in mice when challenged with virulent 
HSV-1 in orofacial mucosa, by priming with non-neurovirulent HSV-1 (TKdel) before the challenge. 
Herein, we define the local immune infiltration and inflammatory chemokine production changes 
after virulent HSV-1 challenge, which were elicited by TKdel prime. Heightened immunosurveillance 
before virulent challenge, and early enhanced lymphocyte-enriched infiltration of the challenged 
lip were induced, which corresponded to attenuation of inflammation in the TG and enhanced viral 
control. Furthermore, classical latent-phase T cell persistence around latent HSV-1 reservoirs were 
severely reduced. These findings identify the immune processes that are likely to be responsible 
for establishing non-reactivating latent HSV-1 reservoirs. Stopping reactivation is essential for 
development of efficient vaccine strategies against HSV-1.

Herpes simplex keratitis (HSK) is a consequence of herpes simplex virus type-1 (HSV-1) reactivation in TG 
neurons, and the transmission of virus anterograde to infect epithelial cells of the corneal surface. Vision loss is 
due to corneal damage that accumulates with each reactivation event, posing an increased threat later in life as 
the cumulative risk of recurrence increases with time1–3. Thus, suffering from HSK negatively impacts quality of 
life4. Currently, the sole strategy to reduce risk of reactivation is continuous antiviral drug intake, which reduces 
the frequency of recurrences by 50%5. Long-course treatment poses a significant increased risk of resistant strain 
selection6,7. Immunomodulatory methods for preventing HSV-1, such as by immunization, have a theoretical 
potential to offer protection against HSV-1 reactivation and resistance. However, a long history of attempts is yet 
to deliver an effective vaccine8,9. This may be due to the incomplete understanding of the immune mechanisms 
that are involved in controlling latency establishment and reactivation. Thus, there is an unmet need to explore 
immunomodulatory strategies that eliminate the ability of HSV-1 latent reservoirs to reactivate.

Primary human HSV-1 infection occurs in oro-facial skin for the vast majority of cases, in and around the 
mouth and nose1,10, in childhood and early during adult life11. In very rare cases where primary corneal infec-
tion occurs, it appears as diffuse micro-dendritic ulcerations10. Whereas, clinical HSK is caused by reactivation 
of already established latent reservoirs in the TG.

Skin is the natural site of primary infection, and this tissue bears unique properties to trigger immune 
responses to HSV-112,13. Innate immune cells and inflammatory responses provide a resistance to HSV-1 rep-
lication early after infection14–20. Adaptive responses are facilitated by dendritic cells (DC)13,21 to provide long-
lasting memory that can eliminate active HSV-1 replication, but take time to develop22. The delay, and virulence 
factors employed by HSV-1 prevent prophylactic immunity23,24, so HSV-1 progeny rapidly infect neurons of the 
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trigeminal ganglia (TG)25,26. Replication here enables the spread of virus to additional neurons within the TG. 
However, the viral life cycle is self-limiting, rapidly switching to the latent state (infectious particles are no longer 
produced27). Latent viral genomes persist as a reservoir for potential reactivation in TG neuron nuclei, with the 
ability to reactivate for the life of the host.

Our model of HSV-1 infection in mice is appealing as it reproduces most aspects of natural HSV-1 infec-
tion in humans, by preserving the natural site of primary infection (inoculation occurs in the lip, to produce a 
localised lesion on one side of the mouth). Acute phase unilateral HSK develops, while latent HSV-1 reservoirs 
establish bilaterally28–30. Priming the orofacial mucosae with a non-neurovirulent HSV-1 mutant (TKdel) in the 
same fashion, before virulent contralateral lip challenge, elicits complete protection against HSK (and other 
acute signs of the disease) if a delay of 4 days is respected between the prime and the challenge30. Furthermore, 
reactivation of latent TG HSV-1 reservoirs in protected mice are not triggered by explant culture (a standard 
technique that provokes reactivation31,32).

To explore the underlying immune effectors, we characterized infiltrating immune cells, the local presence 
of inflammatory chemokines, and viral gene expression at important infection sites after virulent challenge of 
naïve vs TKdel-primed mice. Significant shortcomings in the immune responsiveness of naïve mice were revealed 
upon challenge, whereas TKdel-primed animals were endowed with heightened immunosurveillance and rapid 
lymphocyte-rich immune responses that associated with tempered local inflammation and attenuated gene 
expression in the TG. These findings describe specific immune changes that are linked to the establishment and 
maintenance of a ‘dead end’ latent state, which is unable to reactivate when triggered by explant culture, elicited 
by non-neurovirulent HSV-1 priming. These results provide a basis for defining immune mechanisms that might 
be exploitable for invoking immunity to HSV-1-mediated disease, by inhibiting reactivation of latent reservoirs.

Methods
Virus strains and cells.  Virulent patient-derived WT strain SC1633 has been maintained at low passage 
number and plaque purified, and mutant TKDM21 (termed TKdel, a kind donation from Stacey Efstathiou) were 
propagated and titrated as previously described28. TKdel contains an 816-bp deletion of the thymidine kinase 
coding region34, which makes it non-neurovirulent. We confirmed viral replication in the lip and iTG by SC16, 
but only in the lip with TKdel by plaque assay of inoculated lip tissue or iTG non-denatured lysates, on indicated 
days during acute infection (Supplementary Fig. S1).

Inoculation procedures.  Female BALB/c mice at 6 weeks of age were always infected with 1 × 106 PFU 
of virus diluted in 1 µL of sterile PBS, as defined in28. Mice were inoculated with TKdel (Superinfection model) 
or PBS (unprimed) in the right lip, and 4 days later, all mice were inoculated with WT HSV-1 in the left lip for 
virulent challenge (Fig. 1A). Mice were sacrificed randomly on days 2, 4, 6, 10 (acute phase), and day 28 (cor-
responding to latent infection in our model35). TKdel infection alone was performed in the right lip of additional 
mice, which were sacrificed at the same time points (TKdel). Day 4 in the TKdel group corresponds to day 0 of the 
superinfection model. Untreated mice were sacrificed at day 0 for negative controls.

All procedures conformed to the Association for Research in Vision and Ophthalmology (ARVO) ethical 
standards statement for the use of animals in research, were in performed compliance with ARRIVE guidelines 
and were also approved by the institutional ethics committee “Comité d’éthique en matière d’expérimentation 
animale Paris Centre et Sud” (CEEA 59).

Sample collection.  Specimens of the upper left and right lip, approximately 2 × 2 × 2 mm and encompass-
ing the site of inoculation were harvested just internal to the labial commissures, after which left and right TG 
were harvested from the same animals by the same surgeon.

Detection of immune infiltrate by multiparameter flow cytometry.  Single cell suspensions were 
prepared by mincing with fine scissors, and digestion with collagenase IV (Scima/Worthington Chemicals) and 
DNase I from bovine pancreas (Sigma-Aldrich)36,37. Myelin was removed using 37% Percoll Plus (GE Health-
care) gradient37. Cells were labelled in PBS using the same fluorescently conjugated antibodies and concen-
trations (against CD45-BV605, Ly6G-AF700, CD11c-BV785, CD11b-APC-Cy7, IA/IE-BV650, CD24-BV711, 
CD64-BV421, and Ly6C-PercpCy5.5, and Live/Dead fixable Aqua), sourced from the same providers previ-
ously described by Yu et  al.38. Also included were: anti-mouse CD3-PE-Cy7 (Fischer Scientific), anti-mouse 
CD4-BUV395 (BD Biosciences) and anti-mouse CD8α-PE-CF594 (BD Biosciences). True count beads were also 
used, according to manufacturers’ specifications to determine absolute cell numbers of cells with the following 
formula: [(no. of events)/(no. of bead region events] × [(total no. of absolute-count beads)/(test volume [300 
μL])]. Acquisition was performed using a 5-laser 20-filter FORTESSA X20-flow cytometer (Becton Dickinson). 
Immune populations, including: inflammatory monocytes, neutrophils, NK cells, eosinophils, macrophages, 
CD11b+ve DC, CD11b−ve DC and B cells were defined using the strategy previously published by Yu et al. (Sup-
plementary Fig. S2 and38). Addition of a single cell gate, bead gating, and anti-CD3 anti-CD4 and anti-CD8 
antibodies were incorporated to further define CD4+ve and CD8+ve T cells, and double negative lymphocyte 
populations. Acquisition of the total of each sample was performed, which yielded on average 7 × 105 ± 2 × 105 
cells per sample.

Detection of WT HSV‑1 viral gene expression by RT‑qPCR.  Tissue samples were collected in RNAl-
ater and stored at 4 °C overnight. Excess RNAlater was removed, and tissue transferred into RLT buffer contain-
ing β-mercaptoethanol (QIAGEN). Homogenization occured in CKmix tubes (BertinPharma) at 6500 RPM 
for 45 secs using a Precellys24 (BertinPharma). RNA was extracted using RNAeasy mini kit (QIAGEN). DNA 
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was digested using Machrey Nagel rDNAse and cDNA synthesized from RNA by SuperScript™ VILO™ (Thermo 
Fischer Scientific) reaction. Primers for WT HSV-1 thymidine kinase cDNA were designed targeting the deleted 
sequence of the TKdel mutant34 (F: GTG​GTA​ATG​ACA​AGC​GCC​CA, R: GGG​GTC​ATG​CTG​CCC​ATA​AG), also 
RPL13α housekeeping gene primers (F: GTG​GTC​GTA​CGC​TGT​GAA​GG, R: CCT​CGG​GAG​GGG​TTG​GTA​
TT) were made (Eurofins Genomics). QuantiFast SYBR Green PCR Kit (QIAGEN) was used for quantitative 
PCR. After hot start 5 min at 95 °C, cycling involved: 10 s at 95 °C and 30 s at 60 °C for 40 cycles followed by melt 
curve. All kits and reagents were used according to manufacturers’ specifications.

Bead‑based immunoassay for quantification of inflammatory chemokines.  Individual tissue 
samples were collected in 0.5 mL of non-denaturing × 4.7 conc lysis buffer (Cell Signaling Technologies), with 
1  mM phenylmethylsulfonyl fluoride (Sigma-Aldrich) added immediately prior to harvesting. Tissues were 
homogenized as described for RT-qPCR. Homogenates were clarified at 10,000×g for 5 min at 4 °C and frozen 
at − 80 °C. Mouse proinflammatory chemokines LEGENDplex assay (Biolegend) was performed with twofold-
diluted samples. Data acquisition was performed using a FORTESSA X20 flow cytometer (Becton Dickinson) to 
acquire 4 000 beads/sample.

Data and statistical analyses.  LEGENDplex v.8.0 software (Biolegend, http://​www.​vigen​etech.​com/) and 
Excel (Microsoft Office Professional Plus 2016, https://​www.​micro​soft.​com/) were used to calculate chemokine 
concentrations. Standard curves achieved r > 0.995, and detected levels were within standard curve range. Cyto-

Figure 1.   Infection regime, WT HSV-1 gene expression, and immune cell infiltration in the iTG. Schematic of 
the superinfection model, versus the challenge of unprimed (naïve) mice (A). Naïve mice were infected in the lip 
with either PBS (Mock), WT HSV-1, or with TKdel on day 0. Superinfection model mice were initially infected 
with TKdel in the right lip on day -4 and then challenged with WT HSV-1 on day 0 in the left lip. On different 
days for each group, lip and TG were harvested from individual mice, and WT HSV-1 thymidine kinase gene 
expression was measured from TG by RT-qPCR (B), while CD45+ve cells were defined and absolute numbers 
enumerated by flow cytometry (C). Each point represents n = 4 individual biological replicates. Colored bars 
indicate when the color-matched group was significantly different to uninfected day 0 (p < 0.03; permutation 
test). Red asterisks identify times when WT HSV-1 was significantly different to PBS mock infected (green) 
and superinfection model. Orange asterisks indicate significant difference between superinfection model versus 
infection in unprimed mice (permutation test, p < 0.03). A significant difference between mock and only the 
color-corresponding group is indicated with a colored P. Figures were formulated using Flowjo, Excel and Prism.

http://www.vigenetech.com/
https://www.microsoft.com/
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metric data was analyzed using Flowjo v10.0 (https://​www.​flowjo.​com/). Raw data was analyzed using Excel. 
Figures were generated using Prism v7.00 (Graphpad, https://​www.​graph​pad.​com/) and GIMP v2 (https://​www.​
gimp.​org/). Statistical analysis was performed with R version 3.2.0. (The R Foundation, https://​www.r-​proje​
ct.​org/). Cell numbers or viral gene expression values were compared using the exactRankTests permutation 
test, and chemokine concentrations using the Student’s t-test. Statistical significance was indicated by p < 0.03 
(2-tailed).

Results
Reduced challenging HSV‑1 transcription and immune infiltration in iTG of primed 
mice.  Unprimed mice were challenged with virulent WT HSV-1 in the left lip, and compared to mice that 
were primed in the right lip with TKdel 4 days before challenge in the left lip with WT HSV-1 (Fig. 1A). These 
groups were also compared to mice that were challenged with TKdel, or with PBS. Gene transcription of the 
virulent WT challenge parental HSV-1 was monitored specifically by quantitative RT-PCR targeting the deleted 
sequence of the TKdel mutant (Fig. 1B). After lip challenge, WT HSV-1 gene expression was already prolific in the 
TG ipsilateral (iTG) of naïve mice 2 days post challenge (94-fold increase from baseline), and diminished there-
after, ultimately entering a slightly elevated plateau until day 28. In comparison, WT HSV-1 gene expression was 
not detected in the iTG after the challenge of TKdel-primed mice for the entirety of the study period (until day 
28). These data demonstrate the immunity elicited by priming with TKdel, to restrict virulent challenge viral gene 
expression in the TG and suggests an absence of lytic infection.

Absolute immune cell (CD45+ve) numbers increased subtly (2.5-fold) by day 2 post infection in the TG ipsi-
lateral (iTG) to lip infection in unprimed mice (Fig. 1C), 8.6-fold by day 4, and peaked 30-fold higher by day 6. 
CD45+ve cell numbers started to decline by day 10, but persisted higher than baseline (ninefold) at day 28. Upon 
virulent challenge in the superinfection model, a similar increase in CD45+ve cell numbers occurred until day 4 
in the iTG, compared to unprimed mice. However in striking contrast, this was the peak of infiltrate. By day 6 
CD45+ve infiltrates had declined significantly (compared to the unprimed group: p =  < 0.03). By day 10, CD45+ve 
cell numbers had receded and remained at baseline to day 28.

Combined, these data demonstrated a slow-reacting iTG infiltration by immune cells in challenged unprimed 
mice, which started to arrive after fulminant viral gene expression, and persisting into the latent phase of infec-
tion. In contrast, priming with TKdel resulted in undetectable superinfecting WT HSV-1 gene expression, and a 
reduced magnitude of infiltrate that subsides back to baseline levels during acute phase.

Acute inflammatory cells and latent‑persisting T cells lost from iTG after prime‑challenge.  In 
unprimed mice that were challenged in the lip with virulent WT HSV-1, inflammatory monocytes appeared in 
the iTG on day 2 post challenge, to peak on day 4 (Fig. 2A). Neutrophil infiltrate peaked on day 4 (Fig. 2B). NK 
and DN T cell influx began by day 4, peaking at day 6 (Fig. 2C,D), when a spike in eosinophils, macrophages, 
CD11b+ve and −ve DC, CD4 and CD8 T cells, and B cell numbers occurred (Fig. 2E–J). Infiltration subsided by 
day 10, with the exception of CD11b−ve DC, CD4 and CD8 T cells, and B cells (Fig. 2H–K). At day 28, significant 
numbers of T cells (the greatest immune component at this time (Fig. 2I,J)), macrophages (Fig. 2F) and CD11b−

ve DC (Fig. 2H) remained in the iTG.
In contrast, subsets were reduced or absent from infiltrates in iTG of TKdel-primed mice after virulent WT 

challenge. Inflammatory monocyte infiltrate was reduced and delayed, appearing by day 4 (Fig. 2A). Furthermore, 
the spike in neutrophils, DN T cells, eosinophils, macrophages, and CD11b+ve DC numbers were absent from 
challenged TKdel-primed mice (Fig. 2B,D–G); similarly, they were minimal/absent in mice after prime with TKdel. 
Most immune subsets that increased significantly after prime with TKdeldid so on day 6 (NK, DN, CD11b−ve DC, 
CD4 and CD8 T cells, and B cells; Fig. 2C,D,H–K). Interestingly, on day 28 only modest increases in CD4 and 
CD8 T cells (Figs. 2I,J) were observed in the iTG of TKdel-primed mice that were challenged.

These data demonstrated differing immune landscapes in the iTG of TKdel-primed vs naïve mice upon infec-
tion with virulent WT HSV-1, with the reduction or absence of key inflammatory immune subsets during acute 
infection and absence of classical T cell persistence in latent HSV-1 TG reservoirs, by priming animals with 
TKdel before challenge.

Absence of inflammatory chemokines in iTG of TKdel‑primed mice after challenge.  Following 
challenge with TKdel or WT HSV-1, inflammatory chemokines increased in the iTG by days 4 or 6 (Fig. 3A,B, 
respectively). CXCL10, and to a lesser extent CCL5 and CCL11, had the greatest increases during acute infec-
tion. However, levels were lower and delayed overall in the iTG of TKdel-challenged mice. In the iTG of mice 
primed with TKdel and then challenged with virulent WT, most inflammatory chemokines were not detected 
(Fig. 3C), except for CXCL13 on day 4. These data demonstrate attenuation of inflammatory conditions in the 
iTG of TKdel-primed mice upon virulent challenge, compared to challenged naïve mice.

Rapid infiltrate and impaired viral transcription in challenged lip elicited by TKdel prim‑
ing.  Compared to uninfected day 0, viral gene expression at the lip inoculation site for the virulent WT chal-
lenge in naïve mice peaked at day 2 (179-fold), drastically reducing by day 4 (eightfold), and was extinguished 
by day 28 (Fig. 4A). In contrast, WT HSV-1 gene expression on day 2 at the site of lip challenge in TKdel-primed 
mice increased only 3.7-fold. This was 48-fold lower than the challenge of naïve mice, and was almost undetect-
able by day 4.

In naïve mice, immune infiltrates at the site of virulent WT lip challenge increased until day 4, and had 
partially receded by day 28, to remain about 40 times greater than immune cell numbers in mock-infected lips 
(Fig. 4B). In contrast, an early surge of immune infiltrate occurred at the site of lip challenge, on day 2, in mice 

https://www.flowjo.com/
https://www.graphpad.com/
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that were primed with TKdel, which was threefold greater than day 2 lip infiltrate in challenged naïve mice. There-
after, CD45+ve cells in the superinfected lip fluctuated, but decreased to mock-infected levels by day 10. These 
data demonstrated that priming with TKdel elicited more rapid immune infiltration of the virulent WT challenge 
site (the contralateral lip), which was associated with better control of viral gene expression.

Figure 2.   Immune subsets in the iTG. Naïve mice were infected in the lip with WT HSV-1, PBS (mock; green 
line), or with TKdel. Mice of the superinfection model received an initial inoculation of TKdel in the right lip on 
day -4, and were challenged with WT HSV-1 on day 0 in the left lip. On different days for each group, immune 
subsets (A–K) were defined and absolute numbers quantified by flow cytometry in iTG single cell suspensions. 
Colored bars indicate significant differences from uninfected tissue at day 0. Red asterisks identify when WT 
HSV-1 compared to PBS mock infection (green) and superinfection model was significantly different (p < 0.03; 
permutation test). Colored P indicates significance between Mock and the color-corresponding group. Each 
point represents n = 4 individual biological replicates. Figures were formulated using Flowjo, Excel and Prism. 
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Priming enhanced lymphocytic infiltration of the challenged lip.  On day 4, an inflammatory 
monocyte influx appeared at the virulent WT challenge lip site in naïve mice, which did not develop in the 
challenged lip of TKdel-primed mice (Fig. 5A). This population persisted, at low yet significant levels, in the chal-
lenged lip site of naïve mice up to day 28. Neutrophils were the greatest infiltrating population, peaking on day 
4-post challenge and remaining elevated until day 28 in the WT-challenged lips of unprimed mice. Neutrophils 
returned to baseline in TKdel-primed animals by day 10 after WT challenge (Fig. 5B). While macrophage infil-
trates at the site of all HSV-1 challenges reached similar magnitudes during early acute time points (days 2–6), 
they declined to baseline levels on day 10 (and remained at this level until day 28) only in the WT-challenged lip 
of TKdel-primed mice, remaining elevated in unprimed mice until day 28 (Fig. 5F). There was a slightly elevated 
presence of CD11b+ve DC in the challenged lip of the superinfection model (Fig. 5G). DN T cells, eosinophils, 

Figure 3.   Inflammatory chemokines in the iTG. Naïve mice were infected in the lip with TKdel (A), or WT 
HSV-1 (B) on day 0. Superinfection model mice were initially infected with TKdel in the right lip on day -4, 
and then challenged with WT HSV-1 in the left lip on day 0 (C). Inflammatory chemokines in non-denatured 
iTG lysates were quantified using multi-analyte flow cytometry assay. Bars indicate significant difference from 
uninfected day 0 (p < 0.03; T-test). Each point represents n = 4 independent biological replicates. Figures were 
formulated using LEGENDplex software, Excel and Prism. 
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CD11b−ve DC and B cells also infiltrated the WT-challenged lip in all groups, but without a discernible difference 
between infection regimes (Fig. 5D,E,H,K). NK cells, CD4 and CD8 T cells, infiltrated the WT-challenged lip 
of TKdel-primed mice more rapidly, being much higher on day 2 (respectively 3-, 13- and 19-fold) than near-
baseline levels in the WT-challenged lip of naïve or mock-challenged mice (Fig. 5C,I,J; p < 0.03 for all conditions). 
These earlier infiltrates had also decreased more rapidly, by day 10, with very few NK or T cells persisting at day 
10 or day 28. Thus, from the earliest point tested there was an enrichment of NK cells, CD4 and CD8 T cells, a 
greater abundance of CD11b+ve DC, and reduced innate inflammatory subsets at the site of virulent WT HSV-1 
challenge in the lip, when mice were primed with TKdel. In contrast, infiltration of the WT-challenged lip in naïve 
mice was slower, and with greater subset persistence up to day 28.

Inflammatory chemokines reduced in the superinfection model lip.  The dynamics of inflamma-
tory chemokines at the site of challenge with either TKdel or WT HSV-1 were quite similar, with CCL3, 4 and 
5 increasing the most, followed by CCL11 and 2, and CXCL9 and 10 (Fig. 6A,B). While there were trends of 
increased CCL5, 11, 3 and 4, at the site of virulent WT-challenge in TKdel-primed mice, there was no significance 
compared to day 0 levels (Fig. 6C).

Contralateral lip immune conditioning after lytic TKdel lip prime.  During the window of time from 
prime with TKdel in the right lip, to before challenge with virulent WT in the left lip on day 4, CD45+ve cells had 
increased in the left lip that is contralateral to the TKdel prime (Fig. 7A). NK cells, inflammatory monocytes, 
macrophages, CD11b−ve and CD11b+ve DC, and neutrophils had all increased in lip contralateral to either TKdel 
or WT HSV-1 inoculation by day 2 and 4, and in contrast to mock infection (Fig. 7A). From the panel of inflam-
matory chemokines quantified (Figs. 3 and 6), CCL2 was the only chemokine elevated, by day 4 post prime 
with TKdel (Fig. 7B; all other chemokines were tested, but did not demonstrate increases, as exemplified by CCL5, 
CXCL10 and CCL3). Therefore, primary HSV-1 lip infection induces a heightened state of immunosurveillance 
in the contralateral lip, with some subtle differences occurring by day 4.

Discussion
Priming mice with non-neurovirulent TKdel elicits protection against contralateral challenge 4 days later, to elimi-
nate acute ocular disease, reporter gene expression, and reactivation from latent state when triggered by explant 
culture30. Priming in the lip with TKdel ‘conditioned’ the contralateral lip (the prospective site of superinfection 
challenge), before the superinfection occurs. Elevated CCL2 and numbers of NK and DC cells infiltrated in the 
days subsequent to prime on the same day that the protective state is established. This signature demonstrates 
the potential for enhanced immune responsiveness, facilitating recruitment of CCR2+ve cells to the challenge 
site earlier, as described for many disease states39. Within hours of sensing HSV-1, NK cells can respond to elicit 
cytolytic control of infection17,20,40. Thus, these augmented local immune mechanisms prior to virulent WT chal-
lenge likely attenuate viral gene expression, to play an essential role in the rapid viral control after priming. The 
most commonly used strain of mouse used for HSV-1 immunology studies, C57BL/6, bears a natural resistance 
to neurological spread that is mediated by NK1.1+ve NK cells41. BALB/c mice lack this NK subset, which and 
are thus burdened with delayed responsiveness and weakened control of acute HSV-1 infection42. Therefore, 

Figure 4.   WT HSV-1 gene expression and immune infiltrate at the lip inoculation site. Naïve mice were 
infected in the lip with PBS (Mock; green), WT HSV-1, or TKdel on day 0. Superinfection model mice were 
initially inoculated with TKdel in the right lip on day -4 and then superinfected with WT HSV-1 on day 0 in the 
left lip. On different days for each group, thymidine kinase viral gene expression was measured by RT-qPCR in 
inoculation site lip tissue (A), while CD45+ve cells were defined and absolute numbers enumerated from single 
cell suspensions by flow cytometry (B). Colored bars indicate significant differences from uninfected tissue at 
day 0 (permutation test, p < 0.01), while asterisks indicate significance between both unprimed WT HSV-1 and 
Mock (green) versus superinfection model (orange), or both superinfection model and PBS mock infection 
versus unprimed WT HSV-1 (red) (p < 0.03; permutation test). Each point represents n = 4 individual biological 
replicates. Figures were formulated using Flowjo, Excel and Prism. 
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Figure 5.   Immune subsets at the lip site of inoculation. Naïve mice were infected on day 0 with WT HSV-1, 
PBS (mock), or TKdel. Mice of the superinfection model received an initial inoculation of TKdel in the right lip on 
day -4, and were superinfected on day 0 in the left lip with WT HSV-1. On different days in each group, immune 
subsets (A–K) were defined and absolute numbers quantified by flow cytometry from single cell suspensions of 
the lip site of virus inoculation. Colored bars indicate significance from uninfected tissue on day 0. Red asterisks 
indicate a significant difference for unprimed WT HSV-1-infected mice compared to PBS mock infection 
(green) and superinfection model mice, and orange asterisks indicate significance for superinfection model 
compared to Mock and WT HSV-1, and (p < 0.03; permutation test). Each point represents n = 4 individual 
biological replicates. Figures were formulated using Flowjo, Excel and Prism. 
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heightened immunosurveillance in TKdel-primed mice may overcome this delayed immune responsiveness upon 
challenge, and should be considered as potential critical aspect in establishing the acute disease-free and/or non-
reactivating latent HSV-1 reservoirs in our model30.

CXCL11, CXCL10, and CXCL9 all signal through the CXCR3 receptor43, to attract T cells and NK cells to 
sites of HSV-1 infection44,45. CXCL9 and CXCL10 are produced as a TLR9/interferon alpha-mediated response 
to inoculation of the cornea with HSV-1 via corneal scarification46. We detected CXCL10 and CXCL9 surges 
during primary infection to mirror NK cell, neutrophil and monocyte influxes. In the presence of interferon 
gamma (IFNγ) and HSV-1, neutrophils are a potent producer of CXCL9 and CXCL1047, and their presence in 
combination with NK cells that produce IFNγ in response to HSV-148 could explain the massive increases that 
were seen in challenged naïve animals, but were absent in primed animals that lacked major neutrophil influxes 

Figure 6.   Inflammatory chemokines at the lip site of inoculation. Naïve mice were infected in the lip with 
TKdel (A), or WT HSV-1 (B) on day 0. Mice of the superinfection model were initially inoculated with TKdel in 
the right lip on day -4 and then superinfected with WT HSV-1 on day 0 in the left lip (C). Mice were randomly 
culled at indicated time points and inflammatory chemokines in non-denatured lip tissue lysates were quantified 
using multi-analyte flow cytometry assay. Bars indicate significant difference from uninfected day 0 (p < 0.03; 
T-test). Each point represents n = 4 independent biological replicates. Figures were formulated using LEGENDplex 
software, Excel and Prism. 
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when challenged. Even so, CXCL9 and CXCL10 presence did not mirror T cell infiltration, which occurred by 
day 6; the naïve status of unprimed mice and the lack of primed T cells helps to explain their early absence. 
However, it is also possible that CXCL11 (not included in our study) was involved in T cell recruitment at these 
later time points49.

While 60–75% of the peripheral T cells that recognize HSV-1 in C57BL/6 mice are raised to a single epitope 
of the true late gB protein50 with some diversity in subdominant responses51, the repertoire diversity of BALB/c 
mice recognising HSV-1 remains undefined. In C57BL/6 mice, inoculation of HSV-1 into skin elicits a circulat-
ing lytic CD8 T cell response to HSV-1 gB within 4 days52, and if present within the first 24 h of infection it can 
terminate an establishing acute infection22. However, infection of iTG neurons occurs within hours after primary 
infection in the lip in our model and in others25,53–55. Priming with TKdel led to a more rapid influx of CD4 and 
CD8 T cells into the WT-challenged lip, being detected by the first time point (day 2) while T cell influx in naïve 
mice occurred by days 4–6. A 4-day delay is also observed for the establishment of protection after TKdel prime30. 
The already defined role of T cells in extinguishing HSV-1 infection, and their enhanced kinetics in our model 
to coincide with protection, suggests they are undoubtedly involved in establishing the acute disease-free, non-
reactivating latent state.

Figure 7.   Immune subsets and inflammatory chemokines in the lip contralateral to prime. Naïve mice were 
infected with WT HSV-1, PBS (Mock), or TKdel. On different days for each group, immune subsets were defined 
and absolute numbers enumerated from single cell suspensions by flow cytometry from lip tissue contralateral 
to the inoculation site (A), or inflammatory chemokines were quantified in non-denatured lip tissue lysates 
(B). Colored bars indicating significant difference from uninfected tissue on day 0. Blue asterisk indicates a 
significant difference for TKdel compared to PBS mock infection (green) and WT HSV-1 (p < 0.03; permutation 
test). Colored P indicates a significant difference between the color-corresponding group and the Mock group. 
Black asterisks indicate a significant difference (p < 0.03; T-test). Each point represents n = 4 individual biological 
replicates. Figures were formulated using Flowjo, Excel and Prism. 
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B cells also play a major role, elicited by live viral vaccine to recognise numerous capsid and envelope proteins 
in reducing or eliminate viral replication, and corneal defects and scarring after corneal challenge56. This pro-
tection was independent of complement and FcγRIII. B cells have numerous roles during acute infection, from 
performing effector functions, secretion of antibodies, to antigen presentation57. We detected subtle increasing 
CXCL13 (recruitment factor for B cells58) and B cell trends at sites of HSV-1 prime or challenge, to suggest B 
cell responses may also be involved in local protection, and a combined enhanced T cell and B cell response 
are elicited by live-attenuated vaccine strategies59. However, it remains to be shown if B cell responses are also 
involved in limiting reactivation events. In our previous study, footpad prime with TKdel instead of in the lip 
elicited protection against acute OHD development upon virulent WT challenge in the lip, but reactivation events 
still occurred from the iTG30. In contrast, the lip prime with TKdel elicited protection to both.

The innate inflammatory response is a consequence of lytic HSV-1 infection, driven by the sensing of virus 
and tissue damage60,61. Inflammatory chemokines are also responsible for recruitment of specific immune subsets 
that can exacerbate HSV-1 disease in the cornea during lytic infection62–64. The iTG of naïve unprimed mice 
developed a bold inflammatory response starting 2 days after WT challenge in the lip, consisting of inflammatory 
chemokines, inflammatory monocytes, neutrophils, macrophages, DC and NK cells. While these cell populations 
have demonstrated anti-HSV-1 properties13,15–21,65,66, most can also be responsible for exacerbated inflammation 
and cause neurological damage during their responses39,62,67–71. It remains unclear if this increased inflammatory 
response influences latent reservoir establishment in regards to reactivation. Mice primed with TKdel lacked an 
exacerbated inflammatory during acute phase WT-challenge in the iTG, with a clear lack of innate inflammatory 
subsets (macrophages, neutrophils, eosinophils and CD11b+ve DC) and attenuated inflammatory chemokines. 
The concordant absence of detectable WT HSV-1 gene expression during acute phase of WT-challenge suggests 
that lytic replication within the iTG is tempered by priming with TKdel, and limits viral spread to additional 
neurons, such as those that innervate the cornea28,29,35,72.

HSV-1 latent state is defined solely by the absence of infectious virus particle production27, which occurs by 
day 28 in our model29,35,72. Many different mechanisms are implicated in the interdiction of HSV-1 replication 
to maintain latency, a state not considered as inert (‘attempted’ replication may occur continually or sporadi-
cally)60,73–76. Classically, clonal T cells persist in latent TG reservoirs, a phenomenon involving local T cell epitope 
presentation77–79, eliciting responses that in turn are supposed to inhibit reactivation80–83. However, the role of 
T cells still remains unclear as a recent study of their depletion during induced reactivation did not influence 
reactivation events84.

CD8 T cell-derived CCL5 is important for the retention of CD4 T cells, at least within the skin after HSV 
infection43,85,86. In our model, CCL5 production was high during infection of naïve mice, remaining elevated 
during latent infection, but was drastically reduced when TKdel-primed mice were challenged with WT. In these 
TKdel-primed mice, T cell accumulation is lost from latent TG reservoirs, signalling a major loss of viral epitope 
presentation and cessation of immune stimulation63. The further inability of HSV-1 to reactivate from WT-
challenged TKdel-primed mouse TG, and the attenuated promoter activity of latent reservoirs30, supports the 
notion that the proposed ‘dead-end’ latent state is unlike the typical latent state that establishes in naïve mice as it 
appears more inert. Local TKdel primary infection is essential for this enhanced protection, which may be facili-
tated by enhanced kinetics of the immune response, but also by skewing the T cells repertoire or functionality 
(due to inherent properties of TKdel). This notion may be important in HSV-1 immunity and is supported by the 
presence of pathogenic vs protective T cell responses87–89, which are elicited during primary antigen exposure90.

To summarize, orofacial prime with non-neurovirulent TKdel elicited enhanced contralateral immunosur-
veillance before virulent WT HSV-1 challenge in the contralateral lip. Attenuated inflammatory responses and 
lymphocyte-enriched infiltrate in the WT challenge inoculation site and iTG during acute infection phase cor-
related with subdued or undetectable viral gene expression. Even though the skin is a protective layer designed to 
take the brunt of a viral infection and initiate adaptive immune responses, HSV-1 spreads rapidly to iTG neurons. 
Thus, protective immune mechanisms may need to be established locally, in orofacial skin, for ‘dead-end’ latent 
state to be achieved in the iTG. Investigations are continuing to identify how the enhanced immunosurveil-
lance, adaptive immune responses, and TKdel properties are responsible for establishing a ‘dead-end’ latent state. 
Defining the immune phenomena that occur during the establishment of reactivating versus non-reactivating 
HSV-1 latent reservoirs is essential for vaccine development, to be exploited for the prevention of disease caused 
by HSV-1 reactivation.

Data availability
The datasets generated and/or analysed during the current study are available in FlowRepository, http://​flowr​
eposi​tory.​org/​id/​FR-​FCM-​Z4VN.

Received: 3 February 2022; Accepted: 12 May 2022

References
	 1.	 Liesegang, T. J. Epidemiology of ocular herpes simplex. Natural history in Rochester. Minn. 1950 through 1982. Arch. Ophthalmol. 

107, 1160–1165. https://​doi.​org/​10.​1001/​archo​pht.​1989.​01070​02022​6030 (1989).
	 2.	 Labetoulle, M. et al. Incidence of herpes simplex virus keratitis in France. Ophthalmology 112, 888–895. https://​doi.​org/​10.​1016/j.​

ophtha.​2004.​11.​052 (2005).
	 3.	 Young, R. C., Hodge, D. O., Liesegang, T. J. & Baratz, K. H. Incidence, recurrence, and outcomes of herpes simplex virus eye disease 

in Olmsted County, Minnesota, 1976–2007: The effect of oral antiviral prophylaxis. Arch. Ophthalmol. 128, 1178–1183. https://​
doi.​org/​10.​1001/​archo​phtha​lmol.​2010.​187 (2010).

	 4.	 Reynaud, C. et al. Persistent impairment of quality of life in patients with herpes simplex keratitis. Ophthalmology 124, 160–169. 
https://​doi.​org/​10.​1016/j.​ophtha.​2016.​10.​001 (2017).

http://flowrepository.org/id/FR-FCM-Z4VN
http://flowrepository.org/id/FR-FCM-Z4VN
https://doi.org/10.1001/archopht.1989.01070020226030
https://doi.org/10.1016/j.ophtha.2004.11.052
https://doi.org/10.1016/j.ophtha.2004.11.052
https://doi.org/10.1001/archophthalmol.2010.187
https://doi.org/10.1001/archophthalmol.2010.187
https://doi.org/10.1016/j.ophtha.2016.10.001


12

Vol:.(1234567890)

Scientific Reports |         (2022) 12:8489  | https://doi.org/10.1038/s41598-022-12597-4

www.nature.com/scientificreports/

	 5.	 HEDS. Acyclovir for the prevention of recurrent herpes simplex virus eye disease. New Engl. J. Med. 339, 300–306. https://​doi.​org/​
10.​1056/​nejm1​99807​30339​0503 (1998).

	 6.	 van Velzen, M. et al. Acyclovir-resistant herpes simplex virus type 1 in intra-ocular fluid samples of herpetic uveitis patients. J. 
Clin. Virol. 57, 215–221. https://​doi.​org/​10.​1016/j.​jcv.​2013.​03.​014 (2013).

	 7.	 Rousseau, A. et al. Recurrent herpetic keratitis despite antiviral prophylaxis: A virological and pharmacological study. Antiviral 
Res. 146, 205–212. https://​doi.​org/​10.​1016/j.​antiv​iral.​2017.​09.​013 (2017).

	 8.	 Kurt-Jones, E. A., Orzalli, M. H. & Knipe, D. M. Innate immune mechanisms and herpes simplex virus infection and disease. Adv. 
Anat. Embryol. Cell Biol. 223, 49–75. https://​doi.​org/​10.​1007/​978-3-​319-​53168-7_3 (2017).

	 9.	 Stempel, M., Chan, B. & Brinkmann, M. M. Coevolution pays off: Herpesviruses have the license to escape the DNA sensing 
pathway. Med. Microbiol. Immunol. 208, 495–512. https://​doi.​org/​10.​1007/​s00430-​019-​00582-0 (2019).

	10.	 Pavan-Langston, D. Ocular viral infections. Med. Clin. North Am. 67, 973–990. https://​doi.​org/​10.​1016/​s0025-​7125(16)​31162-2 
(1983).

	11.	 Yousuf, W., Ibrahim, H., Harfouche, M., Abu Hijleh, F. & Abu-Raddad, L. Herpes simplex virus type 1 in Europe: Systematic review, 
meta-analyses and meta-regressions. BMJ Glob. Health https://​doi.​org/​10.​1136/​bmjgh-​2020-​002388 (2020).

	12.	 Eyerich, S., Eyerich, K., Traidl-Hoffmann, C. & Biedermann, T. Cutaneous barriers and skin immunity: Differentiating a connected 
network. Trends Immunol. 39, 315–327. https://​doi.​org/​10.​1016/j.​it.​2018.​02.​004 (2018).

	13.	 Kim, M. et al. Relay of herpes simplex virus between Langerhans cells and dermal dendritic cells in human skin. PLoS Pathog. 11, 
e1004812. https://​doi.​org/​10.​1371/​journ​al.​ppat.​10048​12 (2015).

	14.	 Conrady, C. D., Zheng, M., Mandal, N. A., van Rooijen, N. & Carr, D. J. IFN-alpha-driven CCL2 production recruits inflammatory 
monocytes to infection site in mice. Mucosal. Immunol. 6, 45–55. https://​doi.​org/​10.​1038/​mi.​2012.​46 (2013).

	15.	 Boivin, N., Menasria, R., Gosselin, D., Rivest, S. & Boivin, G. Impact of deficiency in CCR2 and CX3CR1 receptors on monocytes 
trafficking in herpes simplex virus encephalitis. J. Gen. Virol. 93, 1294–1304. https://​doi.​org/​10.​1099/​vir.0.​041046-0 (2012).

	16.	 Shen, F. H. et al. Absence of CXCL10 aggravates herpes stromal keratitis with reduced primary neutrophil influx in mice. J. Virol. 
87, 8502–8510. https://​doi.​org/​10.​1128/​jvi.​01198-​13 (2013).

	17.	 Carr, D. J., Wuest, T. & Ash, J. An increase in herpes simplex virus type 1 in the anterior segment of the eye is linked to a deficiency 
in NK cell infiltration in mice deficient in CXCR3. J. Interferon Cytokine Res. 28, 245–251. https://​doi.​org/​10.​1089/​jir.​2007.​0110 
(2008).

	18.	 Lucinda, N. et al. Dendritic cells, macrophages, NK and CD8(+) T lymphocytes play pivotal roles in controlling HSV-1 in the 
trigeminal ganglia by producing IL1-beta, iNOS and granzyme B. Virol. J. 14, 37. https://​doi.​org/​10.​1186/​s12985-​017-​0692-x 
(2017).

	19.	 Kassim, S. H. et al. Dendritic cells are required for optimal activation of natural killer functions following primary infection with 
herpes simplex virus type 1. J. Virol. 83, 3175–3186. https://​doi.​org/​10.​1128/​jvi.​01907-​08 (2009).

	20.	 Barr, D. P. et al. A role for plasmacytoid dendritic cells in the rapid IL-18-dependent activation of NK cells following HSV-1 infec-
tion. Eur. J. Immunol. 37, 1334–1342 (2007).

	21.	 Whitney, P. G. et al. Effective priming of herpes simplex Virus-specific CD8(+) T cells in vivo does not require infected dendritic 
cells. J. Virol. 92, e01508-17 (2018).

	22.	 van Lint, A. et al. Herpes simplex virus-specific CD8+ T cells can clear established lytic infections from skin and nerves and can 
partially limit the early spread of virus after cutaneous inoculation. J. Immunol. 172, 392–397. https://​doi.​org/​10.​4049/​jimmu​nol.​
172.1.​392 (2004).

	23.	 Ma, F., Lf, D., Ei, T. & Pa, G. Herpes simplex virus interference with immunity: Focus on dendritic cells. Virulence 12, 2583–2607. 
https://​doi.​org/​10.​1080/​21505​594.​2021.​19809​90 (2021).

	24.	 Zhu, H. & Zheng, C. The race between host antiviral innate immunity and the immune evasion strategies of herpes simplex virus 
1. Microbiol. Mol. Biol. Rev. https://​doi.​org/​10.​1128/​mmbr.​00099-​20 (2020).

	25.	 Huffmaster, N. J., Sollars, P. J., Richards, A. L., Pickard, G. E. & Smith, G. A. Dynamic ubiquitination drives herpesvirus neuroinva-
sion. Proc. Natl. Acad. Sci. U S A 112, 12818–12823. https://​doi.​org/​10.​1073/​pnas.​15125​59112 (2015).

	26.	 Petti, S. & Lodi, G. The controversial natural history of oral herpes simplex virus type 1 infection. Oral Dis. 25, 1850–1865. https://​
doi.​org/​10.​1111/​odi.​13234 (2019).

	27.	 Kaye, S. & Choudhary, A. Herpes simplex keratitis. Prog. Retina Eye Res. 25, 355–380. https://​doi.​org/​10.​1016/j.​prete​yeres.​2006.​
05.​001 (2006).

	28.	 Labetoulle, M. et al. Neuronal propagation of HSV1 from the oral mucosa to the eye. Invest. Ophthalmol. Vis. Sci. 41, 2600–2606 
(2000).

	29.	 Labetoulle, M. et al. HSV1 latency sites after inoculation in the lip: Assessment of their localization and connections to the eye. 
Invest. Ophthalmol. Vis. Sci. 44, 217–225 (2003).

	30.	 Poccardi, N. et al. Herpes simplex virus 1 replication, ocular disease, and reactivations from latency are restricted unilaterally after 
inoculation of virus into the lip. J. Virol. https://​doi.​org/​10.​1128/​jvi.​01586-​19 (2019).

	31.	 Sawtell, N. M. & Thompson, R. L. Alphaherpesvirus latency and reactivation with a focus on herpes simplex virus. Curr. Issues 
Mol. Biol. 41, 267–356. https://​doi.​org/​10.​21775/​cimb.​041.​267 (2021).

	32.	 Stevens, J. G. & Cook, M. L. Latent herpes simplex virus in spinal ganglia of mice. Science 173, 843–845. https://​doi.​org/​10.​1126/​
scien​ce.​173.​3999.​843 (1971).

	33.	 Hill, T. J., Field, H. J. & Blyth, W. A. Acute and recurrent infection with herpes simplex virus in the mouse: A model for studying 
latency and recurrent disease. J. Gen. Virol. 28, 341–353. https://​doi.​org/​10.​1099/​0022-​1317-​28-3-​341 (1975).

	34.	 Efstathiou, S., Kemp, S., Darby, G. & Minson, A. C. The role of herpes simplex virus type 1 thymidine kinase in pathogenesis. J. 
Gen. Virol. 70(Pt 4), 869–879. https://​doi.​org/​10.​1099/​0022-​1317-​70-4-​869 (1989).

	35.	 Cavallero, S. et al. Biological features of herpes simplex virus type 1 latency in mice according to experimental conditions and type 
of neurones. Invest. Ophthalmol. Vis. Sci. 55, 7761–7774. https://​doi.​org/​10.​1167/​iovs.​14-​14673 (2014).

	36.	 Gelderblom, M. et al. Temporal and spatial dynamics of cerebral immune cell accumulation in stroke. Stroke 40, 1849–1857 (2009).
	37.	 Legroux, L. et al. An optimized method to process mouse CNS to simultaneously analyze neural cells and leukocytes by flow 

cytometry. J. Neurosci. Methods 247, 23–31 (2015).
	38.	 Yu, Y. R. et al. A protocol for the comprehensive flow cytometric analysis of immune cells in normal and inflamed murine non-

lymphoid tissues. PLoS ONE 11, e0150606 (2016).
	39.	 Gschwandtner, M., Derler, R. & Midwood, K. S. More than just attractive: How CCL2 influences myeloid cell behavior beyond 

chemotaxis. Front. Immunol. 10, 2759. https://​doi.​org/​10.​3389/​fimmu.​2019.​02759 (2019).
	40.	 Samudio, I. et al. UV-inactivated HSV-1 potently activates NK cell killing of leukemic cells. Blood 127, 2575–2586. https://​doi.​org/​

10.​1182/​blood-​2015-​04-​639088 (2016).
	41.	 Kastrukoff, L. F., Lau, A. S., Takei, F., Carbone, F. R. & Scalzo, A. A. A NK complex-linked locus restricts the spread of herpes 

simplex virus type 1 in the brains of C57BL/6 mice. Immunol. Cell Biol. 93, 877–884. https://​doi.​org/​10.​1038/​icb.​2015.​54 (2015).
	42.	 Canivet, C., Uyar, O., Rhéaume, C., Piret, J. & Boivin, G. The recruitment of peripheral blood leukocytes to the brain is delayed 

in susceptible BALB/c compared to resistant C57BL/6 mice during herpes simplex virus encephalitis. J. Neurovirol. 25, 372–383. 
https://​doi.​org/​10.​1007/​s13365-​019-​00730-5 (2019).

	43.	 Kuo, P. T. et al. The role of CXCR3 and its chemokine ligands in skin disease and cancer. Front. Med. 5, 271. https://​doi.​org/​10.​
3389/​fmed.​2018.​00271 (2018).

https://doi.org/10.1056/nejm199807303390503
https://doi.org/10.1056/nejm199807303390503
https://doi.org/10.1016/j.jcv.2013.03.014
https://doi.org/10.1016/j.antiviral.2017.09.013
https://doi.org/10.1007/978-3-319-53168-7_3
https://doi.org/10.1007/s00430-019-00582-0
https://doi.org/10.1016/s0025-7125(16)31162-2
https://doi.org/10.1136/bmjgh-2020-002388
https://doi.org/10.1016/j.it.2018.02.004
https://doi.org/10.1371/journal.ppat.1004812
https://doi.org/10.1038/mi.2012.46
https://doi.org/10.1099/vir.0.041046-0
https://doi.org/10.1128/jvi.01198-13
https://doi.org/10.1089/jir.2007.0110
https://doi.org/10.1186/s12985-017-0692-x
https://doi.org/10.1128/jvi.01907-08
https://doi.org/10.4049/jimmunol.172.1.392
https://doi.org/10.4049/jimmunol.172.1.392
https://doi.org/10.1080/21505594.2021.1980990
https://doi.org/10.1128/mmbr.00099-20
https://doi.org/10.1073/pnas.1512559112
https://doi.org/10.1111/odi.13234
https://doi.org/10.1111/odi.13234
https://doi.org/10.1016/j.preteyeres.2006.05.001
https://doi.org/10.1016/j.preteyeres.2006.05.001
https://doi.org/10.1128/jvi.01586-19
https://doi.org/10.21775/cimb.041.267
https://doi.org/10.1126/science.173.3999.843
https://doi.org/10.1126/science.173.3999.843
https://doi.org/10.1099/0022-1317-28-3-341
https://doi.org/10.1099/0022-1317-70-4-869
https://doi.org/10.1167/iovs.14-14673
https://doi.org/10.3389/fimmu.2019.02759
https://doi.org/10.1182/blood-2015-04-639088
https://doi.org/10.1182/blood-2015-04-639088
https://doi.org/10.1038/icb.2015.54
https://doi.org/10.1007/s13365-019-00730-5
https://doi.org/10.3389/fmed.2018.00271
https://doi.org/10.3389/fmed.2018.00271


13

Vol.:(0123456789)

Scientific Reports |         (2022) 12:8489  | https://doi.org/10.1038/s41598-022-12597-4

www.nature.com/scientificreports/

	44.	 Piret, J. & Boivin, G. Innate immune response during herpes simplex virus encephalitis and development of immunomodulatory 
strategies. Rev. Med. Virol. 25, 300–319. https://​doi.​org/​10.​1002/​rmv.​1848 (2015).

	45.	 Zhang, M. et al. Herpes simplex virus type 2 infection-Induced expression of CXCR3 ligands promotes CD4(+) T cell migration 
and is regulated by the viral immediate-early protein ICP4. Front. Immunol. 9, 2932. https://​doi.​org/​10.​3389/​fimmu.​2018.​02932 
(2018).

	46.	 Wuest, T. et al. Intact TRL 9 and type I interferon signaling pathways are required to augment HSV-1 induced corneal CXCL9 and 
CXCL10. J Neuroimmunol 179, 46–52. https://​doi.​org/​10.​1016/j.​jneur​oim.​2006.​06.​020 (2006).

	47.	 Armstrong, S. et al. IL-1α modulates IFN-γ-induced production of CXCL9/MIG during herpes simplex virus type-1 corneal 
infection. Curr. Eye Res. 46, 309–317. https://​doi.​org/​10.​1080/​02713​683.​2020.​18039​21 (2021).

	48.	 Vogel, K., Thomann, S., Vogel, B., Schuster, P. & Schmidt, B. Both plasmacytoid dendritic cells and monocytes stimulate natural 
killer cells early during human herpes simplex virus type 1 infections. Immunology 143, 588–600. https://​doi.​org/​10.​1111/​imm.​
12337 (2014).

	49.	 Groom, J. R. & Luster, A. D. CXCR3 ligands: Redundant, collaborative and antagonistic functions. Immunol. Cell Biol. 89, 207–215. 
https://​doi.​org/​10.​1038/​icb.​2010.​158 (2011).

	50.	 Wallace, M. E., Keating, R., Heath, W. R. & Carbone, F. R. The cytotoxic T-cell response to herpes simplex virus type 1 infection 
of C57BL/6 mice is almost entirely directed against a single immunodominant determinant. J. Virol. 73, 7619–7626. https://​doi.​
org/​10.​1128/​jvi.​73.9.​7619-​7626.​1999 (1999).

	51.	 St Leger, A. J., Peters, B., Sidney, J., Sette, A. & Hendricks, R. L. Defining the herpes simplex virus-specific CD8+ T cell repertoire 
in C57BL/6 mice. J. Immunol. 186, 3927–3933. https://​doi.​org/​10.​4049/​jimmu​nol.​10037​35 (2011).

	52.	 Coles, R. M., Mueller, S. N., Heath, W. R., Carbone, F. R. & Brooks, A. G. Progression of armed CTL from draining lymph node 
to spleen shortly after localized infection with herpes simplex virus 1. J. Immunol. 168, 834–838. https://​doi.​org/​10.​4049/​jimmu​
nol.​168.2.​834 (2002).

	53.	 Lee, J. I. et al. A herpesvirus encoded deubiquitinase is a novel neuroinvasive determinant. PLoS Pathog. 5, e1000387. https://​doi.​
org/​10.​1371/​journ​al.​ppat.​10003​87 (2009).

	54.	 Smith, G. A., Pomeranz, L., Gross, S. P. & Enquist, L. W. Local modulation of plus-end transport targets herpesvirus entry and 
egress in sensory axons. Proc. Natl. Acad. Sci. USA 101, 16034–16039. https://​doi.​org/​10.​1073/​pnas.​04046​86101 (2004).

	55.	 Dembowski, J. A. & DeLuca, N. A. Temporal viral genome-protein interactions define distinct stages of productive herpesviral 
infection. mBio https://​doi.​org/​10.​1128/​mBio.​01182-​18 (2018).

	56.	 Royer, D. J. et al. Vaccine-induced antibodies target sequestered viral antigens to prevent ocular HSV-1 pathogenesis, preserve 
vision, and preempt productive neuronal infection. Mucosal Immunol. 12, 827–839. https://​doi.​org/​10.​1038/​s41385-​019-​0131-y 
(2019).

	57.	 Upasani, V., Rodenhuis-Zybert, I. & Cantaert, T. Antibody-independent functions of B cells during viral infections. PLoS Pathog. 
17, e1009708. https://​doi.​org/​10.​1371/​journ​al.​ppat.​10097​08 (2021).

	58.	 Kowarik, M. C. et al. CXCL13 is the major determinant for B cell recruitment to the CSF during neuroinflammation. J. Neuroin-
flamm. 9, 93. https://​doi.​org/​10.​1186/​1742-​2094-9-​93 (2012).

	59.	 Gmyrek, G. B. et al. Herpes simplex virus 1 (HSV-1) 0ΔNLS live-attenuated vaccine protects against ocular HSV-1 infection in 
the absence of neutralizing antibody in HSV-1 gB T cell receptor-specific transgenic mice. J. Virol. https://​doi.​org/​10.​1128/​jvi.​
01000-​20 (2020).

	60.	 Laval, K., Van Cleemput, J., Vernejoul, J. B. & Enquist, L. W. Alphaherpesvirus infection of mice primes PNS neurons to an inflam-
matory state regulated by TLR2 and type I IFN signaling. PLoS Pathog 15, e1008087. https://​doi.​org/​10.​1371/​journ​al.​ppat.​10080​
87 (2019).

	61.	 Cai, M. S., Li, M. L. & Zheng, C. F. Herpesviral infection and Toll-like receptor 2. Protein Cell 3, 590–601. https://​doi.​org/​10.​1007/​
s13238-​012-​2059-9 (2012).

	62.	 Sokol, C. L. & Luster, A. D. The chemokine system in innate immunity. Cold Spring Harb. Perspect. Biol. https://​doi.​org/​10.​1101/​
cshpe​rspect.​a0163​03 (2015).

	63.	 Melchjorsen, J., Sørensen, L. N. & Paludan, S. R. Expression and function of chemokines during viral infections: From molecular 
mechanisms to in vivo function. J. Leukoc. Biol. 74, 331–343. https://​doi.​org/​10.​1189/​jlb.​11025​77 (2003).

	64.	 Tumpey, T. M. et al. Absence of macrophage inflammatory protein-1alpha prevents the development of blinding herpes stromal 
keratitis. J. Virol. 72, 3705–3710. https://​doi.​org/​10.​1128/​jvi.​72.5.​3705-​3710.​1998 (1998).

	65.	 Lee, D. H. & Ghiasi, H. Roles of M1 and M2 macrophages in herpes simplex virus 1 infectivity. J. Virol. https://​doi.​org/​10.​1128/​
jvi.​00578-​17 (2017).

	66.	 Della Chiesa, M. et al. Human NK cells and herpesviruses: Mechanisms of recognition, response and adaptation. Front Microbiol 
10, 2297. https://​doi.​org/​10.​3389/​fmicb.​2019.​02297 (2019).

	67.	 Turner, M. D., Nedjai, B., Hurst, T. & Pennington, D. J. Cytokines and chemokines: At the crossroads of cell signalling and inflam-
matory disease. Biochim. Biophys. Acta. 1843, 2563–2582. https://​doi.​org/​10.​1016/j.​bbamcr.​2014.​05.​014 (2014).

	68.	 Stock, A. J., Kasus-Jacobi, A. & Pereira, H. A. The role of neutrophil granule proteins in neuroinflammation and Alzheimer’s disease. 
J. Neuroinflamm. 15, 240. https://​doi.​org/​10.​1186/​s12974-​018-​1284-4 (2018).

	69.	 Rosenberg, H. F. Eosinophil-derived neurotoxin / RNase 2: Connecting the past, the present and the future. Curr. Pharm. Biotechnol. 
9, 135–140. https://​doi.​org/​10.​2174/​13892​01087​84567​236 (2008).

	70.	 White, K. A., Hutton, S. R., Weimer, J. M. & Sheridan, P. A. Diet-induced obesity prolongs neuroinflammation and recruits CCR2(+) 
monocytes to the brain following herpes simplex virus (HSV)-1 latency in mice. Brain Behav. Immun. 57, 68–78. https://​doi.​org/​
10.​1016/j.​bbi.​2016.​06.​007 (2016).

	71.	 Kodukula, P., Liu, T., Rooijen, N. V., Jager, M. J. & Hendricks, R. L. Macrophage control of herpes simplex virus type 1 replication 
in the peripheral nervous system. J. Immunol. 162, 2895–2905 (1999).

	72.	 Maillet, S. et al. Herpes simplex virus type 1 latently infected neurons differentially express latency-associated and ICP0 transcripts. 
J. Virol. 80, 9310–9321. https://​doi.​org/​10.​1128/​jvi.​02615-​05 (2006).

	73.	 Maroui, M. A. et al. Latency entry of herpes simplex virus 1 is determined by the interaction of its genome with the nuclear envi-
ronment. PLoS Pathog. 12, e1005834 (2016).

	74.	 Cohen, C. et al. Promyelocytic leukemia (PML) nuclear bodies (NBs) induce latent/quiescent HSV-1 genomes chromatinization 
through a PML NB/Histone H3.3/H3.3 Chaperone Axis. PLoS Pathog. 14, e1007313. https://​doi.​org/​10.​1371/​journ​al.​ppat.​10073​
13 (2018).

	75.	 Rosato, P. C. & Leib, D. A. Intrinsic innate immunity fails to control herpes simplex virus and vesicular stomatitis virus replication 
in sensory neurons and fibroblasts. J. Virol. 88, 9991–10001. https://​doi.​org/​10.​1128/​jvi.​01462-​14 (2014).

	76.	 Singh, N. & Tscharke, D. C. Herpes simplex virus latency is noisier the closer we look. J. Virol. https://​doi.​org/​10.​1128/​jvi.​01701-​19 
(2020).

	77.	 Treat, B. R., Bidula, S. M., St Leger, A. J., Hendricks, R. L. & Kinchington, P. R. Herpes simplex virus 1-specific CD8(+) T cell 
priming and latent ganglionic retention are shaped by viral epitope promoter kinetics. J. Virol. https://​doi.​org/​10.​1128/​jvi.​01193-​19 
(2020).

	78.	 Liu, T., Khanna, K. M., Chen, X., Fink, D. J. & Hendricks, R. L. CD8(+) T cells can block herpes simplex virus type 1 (HSV-1) 
reactivation from latency in sensory neurons. J. Exp. Med. 191, 1459–1466. https://​doi.​org/​10.​1084/​jem.​191.9.​1459 (2000).

https://doi.org/10.1002/rmv.1848
https://doi.org/10.3389/fimmu.2018.02932
https://doi.org/10.1016/j.jneuroim.2006.06.020
https://doi.org/10.1080/02713683.2020.1803921
https://doi.org/10.1111/imm.12337
https://doi.org/10.1111/imm.12337
https://doi.org/10.1038/icb.2010.158
https://doi.org/10.1128/jvi.73.9.7619-7626.1999
https://doi.org/10.1128/jvi.73.9.7619-7626.1999
https://doi.org/10.4049/jimmunol.1003735
https://doi.org/10.4049/jimmunol.168.2.834
https://doi.org/10.4049/jimmunol.168.2.834
https://doi.org/10.1371/journal.ppat.1000387
https://doi.org/10.1371/journal.ppat.1000387
https://doi.org/10.1073/pnas.0404686101
https://doi.org/10.1128/mBio.01182-18
https://doi.org/10.1038/s41385-019-0131-y
https://doi.org/10.1371/journal.ppat.1009708
https://doi.org/10.1186/1742-2094-9-93
https://doi.org/10.1128/jvi.01000-20
https://doi.org/10.1128/jvi.01000-20
https://doi.org/10.1371/journal.ppat.1008087
https://doi.org/10.1371/journal.ppat.1008087
https://doi.org/10.1007/s13238-012-2059-9
https://doi.org/10.1007/s13238-012-2059-9
https://doi.org/10.1101/cshperspect.a016303
https://doi.org/10.1101/cshperspect.a016303
https://doi.org/10.1189/jlb.1102577
https://doi.org/10.1128/jvi.72.5.3705-3710.1998
https://doi.org/10.1128/jvi.00578-17
https://doi.org/10.1128/jvi.00578-17
https://doi.org/10.3389/fmicb.2019.02297
https://doi.org/10.1016/j.bbamcr.2014.05.014
https://doi.org/10.1186/s12974-018-1284-4
https://doi.org/10.2174/138920108784567236
https://doi.org/10.1016/j.bbi.2016.06.007
https://doi.org/10.1016/j.bbi.2016.06.007
https://doi.org/10.1128/jvi.02615-05
https://doi.org/10.1371/journal.ppat.1007313
https://doi.org/10.1371/journal.ppat.1007313
https://doi.org/10.1128/jvi.01462-14
https://doi.org/10.1128/jvi.01701-19
https://doi.org/10.1128/jvi.01193-19
https://doi.org/10.1084/jem.191.9.1459


14

Vol:.(1234567890)

Scientific Reports |         (2022) 12:8489  | https://doi.org/10.1038/s41598-022-12597-4

www.nature.com/scientificreports/

	79.	 Linderman, J. A. et al. Immune escape via a transient gene expression program enables productive replication of a latent pathogen. 
Cell Rep. 18, 1312–1323. https://​doi.​org/​10.​1016/j.​celrep.​2017.​01.​017 (2017).

	80.	 Noisakran, S. & Carr, D. J. Lymphocytes delay kinetics of HSV-1 reactivation from in vitro explants of latent infected trigeminal 
ganglia. J. Neuroimmunol. 95, 126–135 (1999).

	81.	 Knickelbein, J. E. et al. Noncytotoxic lytic granule-mediated CD8+ T cell inhibition of HSV-1 reactivation from neuronal latency. 
Science 322, 268–271. https://​doi.​org/​10.​1126/​scien​ce.​11641​64 (2008).

	82.	 Derfuss, T. et al. Presence of HSV-1 immediate early genes and clonally expanded T-cells with a memory effector phenotype in 
human trigeminal ganglia. Brain Pathol. 17, 389–398. https://​doi.​org/​10.​1111/j.​1750-​3639.​2007.​00088.x (2007).

	83.	 Held, K. & Derfuss, T. Control of HSV-1 latency in human trigeminal ganglia: Current overview. J. Neurovirol. 17, 518–527. https://​
doi.​org/​10.​1007/​s13365-​011-​0063-0 (2011).

	84.	 Doll, J. R., Hoebe, K., Thompson, R. L. & Sawtell, N. M. Resolution of herpes simplex virus reactivation in vivo results in neuronal 
destruction. PLoS Pathog. 16, e1008296. https://​doi.​org/​10.​1371/​journ​al.​ppat.​10082​96 (2020).

	85.	 Collins, N. et al. Skin CD4(+) memory T cells exhibit combined cluster-mediated retention and equilibration with the circulation. 
Nat. Commun. 7, 11514. https://​doi.​org/​10.​1038/​ncomm​s11514 (2016).

	86.	 Yu, W. et al. Critical role of regulatory T cells in the latency and stress-induced reactivation of HSV-1. Cell Rep. 25, 2379-2389.
e2373. https://​doi.​org/​10.​1016/j.​celrep.​2018.​10.​105 (2018).

	87.	 Yun, H. et al. Production of the cytokinze VEGF-A by CD4(+) T and myeloid cells disrupts the corneal nerve landscape and 
promotes herpes stromal keratitis. Immunity 53, 1050-1062.e1055. https://​doi.​org/​10.​1016/j.​immuni.​2020.​10.​013 (2020).

	88.	 Srivastava, R. et al. CXCL10/CXCR3-dependent mobilization of herpes simplex virus-specific CD8(+) TEM and CD8(+) TRM 
cells within infected tissues allows efficient protection against recurrent herpesvirus infection and disease. J. Virol. 91, e00278-17 
(2017).

	89.	 Khan, A. A. et al. Phenotypic and functional characterization of herpes simplex virus glycoprotein B epitope-specific effector and 
memory CD8+ T cells from symptomatic and asymptomatic individuals with ocular herpes. J. Virol. 89, 3776–3792. https://​doi.​
org/​10.​1128/​JVI.​03419-​14 (2015).

	90.	 Allen, S. J., Mott, K. R. & Ghiasi, H. Overexpression of herpes simplex virus glycoprotein K (gK) alters expression of HSV receptors 
in ocularly-infected mice. Invest. Ophthalmol. Vis. Sci. 55, 2442–2451. https://​doi.​org/​10.​1167/​iovs.​14-​14013 (2014).

Acknowledgements
The authors would like to acknowledge Stacey Efstathiou (University of Cambridge) for perusal and suggestions, 
and the past and present staff of ImVA-HB/IDMIT, Animalliance and CEA for their technical and administrative 
support. This study received funding from the Fondation de France – Berthe Fouassier Grant (00089980), the 
Société Française d’Ophtalmologie (SFO) and Agence Nationale de la Recherche (ANR-18-CE15-0014-01). AR 
and OH received funding from La Fondation des Aveugles de Guerre (awarded in 2016 and 2020, respectively).

Author contributions
All authors contributed to the article and approved the submitted version. A.R., O.H. and M.L. designed the 
study. A.R. and O.H. performed the experiments. A.R., O.H., J.L.P., J.L. and N.O. analyzed the results. R.L., C.D. 
and P.L. gave critical intellectual contributions. O.H., A.R. and M.L. wrote the manuscript. O.H., A.R., P.L. and 
M.L. contributed to its final editing.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​12597-4.

Correspondence and requests for materials should be addressed to O.H. or M.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1016/j.celrep.2017.01.017
https://doi.org/10.1126/science.1164164
https://doi.org/10.1111/j.1750-3639.2007.00088.x
https://doi.org/10.1007/s13365-011-0063-0
https://doi.org/10.1007/s13365-011-0063-0
https://doi.org/10.1371/journal.ppat.1008296
https://doi.org/10.1038/ncomms11514
https://doi.org/10.1016/j.celrep.2018.10.105
https://doi.org/10.1016/j.immuni.2020.10.013
https://doi.org/10.1128/JVI.03419-14
https://doi.org/10.1128/JVI.03419-14
https://doi.org/10.1167/iovs.14-14013
https://doi.org/10.1038/s41598-022-12597-4
https://doi.org/10.1038/s41598-022-12597-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Initial TK-deficient HSV-1 infection in the lip alters contralateral lip challenge immune dynamics
	Methods
	Virus strains and cells. 
	Inoculation procedures. 
	Sample collection. 
	Detection of immune infiltrate by multiparameter flow cytometry. 
	Detection of WT HSV-1 viral gene expression by RT-qPCR. 
	Bead-based immunoassay for quantification of inflammatory chemokines. 
	Data and statistical analyses. 

	Results
	Reduced challenging HSV-1 transcription and immune infiltration in iTG of primed mice. 
	Acute inflammatory cells and latent-persisting T cells lost from iTG after prime-challenge. 
	Absence of inflammatory chemokines in iTG of TKdel-primed mice after challenge. 
	Rapid infiltrate and impaired viral transcription in challenged lip elicited by TKdel priming. 
	Priming enhanced lymphocytic infiltration of the challenged lip. 
	Inflammatory chemokines reduced in the superinfection model lip. 
	Contralateral lip immune conditioning after lytic TKdel lip prime. 

	Discussion
	References
	Acknowledgements


