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PURPOSE. Herpes stromal keratitis (HSK) represents a spectrum of pathologies which is
caused by herpes simplex virus type 1 (HSV-1) infection and is considered a leading cause
of infectious blindness. HSV-1 infects corneal sensory nerves and establishes latency in
the trigeminal ganglion (TG). Recently, retraction of sensory nerves and replacement
with “unsensing” sympathetic nerves was identified as a critical contributor of HSK in a
mouse model where corneal pathology is caused by primary infection. This resulted in
the loss of blink reflex, corneal desiccation, and exacerbation of inflammation leading to
corneal opacity. Despite this, it was unclear whether inflammation associated with viral
reactivation was sufficient to initiate this cascade of events.

METHODS. We examined viral reactivation and corneal pathology in a mouse model with
recurrent HSK by infecting the cornea with HSV-1 (McKrae) and transferring (intravenous
[IV]) human sera to establish primary infection without discernible disease and then
exposed the cornea to UV-B light to induce viral reactivation.

RESULTS. UV-B light induced viral reactivation from latency in 100% of mice as measured
by HSV-1 antigen deposition in the cornea. Further, unlike conventional HSKmodels, viral
reactivation resulted in focal retraction of sensory nerves and corneal opacity. Dependent
on CD4+ T cells, inflammation foci were innervated by sympathetic nerves.

CONCLUSIONS. Collectively, our data reveal that sectoral corneal sensory nerve retraction
and replacement of sympathetic nerves were involved in the progressive pathology that
is dependent on CD4+ T cells after viral reactivation from HSV-1 latency in the UV-B
induced recurrent HSK mouse model.
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Herpes stromal keratitis (HSK) is a potentially blind-
ing disease caused by herpes simplex virus type 1

(HSV-1) infection of the cornea. The incidence of HSV
keratitis is approximately 1.5 million worldwide, including
40,000 new cases of related blindness each year.1,2 After
primary infection, the virus gains access to corneal nerves
and invades the trigeminal ganglion (TG) where it estab-
lishes a lifelong latency. During times of stress, exposure
to UV-B light, and increased levels of corticosteroids, the
virus can reactivate,3–7 travel down sensory afferents to the
cornea where an inflammatory immune response can occur.8

HSK does not happen in all individuals after primary infec-
tion; however, when a pathological reactivation stimulus
does occur the chances of subsequent reactivation events
increases.9

Mouse models have proven to be critical to understand-
ing the nature and progression of disease during HSK. Early
investigations of the disease identified myeloid-derived cells
as the vital immune contributors of corneal pathology in
that inflammatory cytokines and chemokines, such as inter-
feron gamma (IFN-γ ) tumor necrosis factor alpha (TNF-α),

CXCL-1, IL-8, metalloproteases, and other factors, such as
nitric oxide, led to the corneal opacification and necro-
sis.10–12 Furthermore, CD4+ T cells were explicitly linked
to HSK in that they acted as an additional source of proin-
flammatory cytokines and chemokines to perpetuate inflam-
mation and disease13–15; however, whether the antigen is
a viral or host peptide remains unknown. More recently,
corneal anesthesia was recognized as a hallmark of HSK,
and this is characterized by a replacement of corneal sensory
nerves with unsensing sympathetic nerves. The loss of the
blink reflex associated with corneal anesthesia leads to a dry
eye phenotype that exacerbates viral-mediated disease.16–18

Since then, vascular endothelial growth factor-A (VEGF-A),
which is produced by corneal CD4+ T cells and myeloid-
derived cells, was identified as a critical factor mediating the
disruption of corneal nerves.12 Despite the current mech-
anistic understanding of HSK, there are limitations to the
conventional model of murine HSK in that disease is estab-
lished after primary infection and blinding pathology does
not rely on overt viral reactivation from latency which is
different from human HSK.
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Primary models of HSK develops symptoms by 10
dpi17,19,20; the human manifestation of the disease is progres-
sive and, usually, depends on numerous rounds of viral reac-
tivation from latency over the span of years.21 To better reca-
pitulate progressive corneal pathology, we used a modified
version of the Shimeld mouse model where viral latency is
established non-pathogenically by simultaneously infecting
the cornea with the McKrae strain of HSV-1 and injecting
human IgG.22 The McKrae strain of HSV-1 is considered
highly pathogenic due to its ability to induce encephalitis
in a high frequency of mice,23 but the co-administration
of human IgG provides protection from encephalitis and
allows the virus to enter latency in the TG without ocular or
systemic pathology. This method allowed us to assess how
HSK and the corneal nerve landscape were affected by a
UV-B light-induced viral reactivation event. Furthermore, we
were also able to test the role CD4+ T cells played in this
recurrent HSK (rHSK) model.

METHODS

Animals

Male and female C57BL/6J mice were purchased from Jack-
son Laboratories (Bar Harbor, ME, USA). Male and female
NIH inbred mice were obtained from Harlan Olac (Oxford,
UK). All the mice were housed in the Animal Resource Facil-
ity at Saint Louis University (St. Louis, MO, USA) and used at
8 to 12 weeks of age in all experiments. The use of animals
was in accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research.

Virus

The human isolated HSV-1 McKrae strain was used in
this study. A plaque-purified stock was grown and assayed
on VERO cells in minimum essential medium with Earle’s
balanced salts (MEM-EBS) containing 5% fetal bovine serum,
100 U/mL penicillin, and 100 μg/mL streptomycin. The intact
virions were purified and stored at −70°C. The concentration
of HSV-1 was determined in a standard virus plaque assay.

Mouse Infection

Mice were anesthetized by intraperitoneal (IP) injection
of ketamine hydrochloride (60 mg/kg body weight) and
xylazine (5 mg/ kg body weight) in Hanks’ balanced salt
solution (HBSS). Topical corneal infection was performed
by scarification of the cornea with a sterile 30-gauge needle
under a dissecting microscope and applying 5 μL HBSS
containing 1 × 106 pfu of HSV-1. At the same time as infec-
tion, each mouse received an IP injection of 1 mL of pooled
human serum (Sigma, Temecula, CA, USA; anti-HSV reac-
tivity with an effective dose for 50% viral neutralization of
1:800) to protect the mice during primary infection.

UV Irradiation

Mice with primary infection were observed for at least
5 weeks before UV irradiation, only the ones with clear
corneas as determined by slit lamp analysis from a trained
ophthalmologist were included in the study. In addition,
mice with signs of encephalitis were excluded from the
experiments. The eyes of both C57BL/6J or NIH inbred mice
were exposed to 250 mJ/cm2 of UV-B light using a TM20

Chromato-Vu transilluminator (UVP, Inc., San Gabriel, CA,
USA), which emits UV-B at a peak wavelength of 302 nm.

Virus Reactivation

The mouse eyes were swabbed with surgical spears (Weck-
cel, Xomed-Treace, Jacksonville, FL, USA) before UV irradi-
ation and once a day for 7 days after. The swabbed material
was then co-cultured with VERO cells to detect the virus. If
the HSV culture is negative before UV irradiation but turns
into positive on any day after irradiation, then the mouse
is categorized as with virus reactivation. We then examined
the virus antigen deposition in the corneas by immunohis-
tochemistry (IHC) to comfirm the virus reactivation.

Monitor HSK Severity

HSK severity was monitored using a dissecting microscope
by a masked and trained ophthalmologist. As the corneal
lesion of recurrent HSK is usually focal and regional, we
divided the cornea into four quadrants to be evaluated indi-
vidually and added up all the scores as the final score.
The corneal opacity of each quadrant was scored on a 4-
point scale protocol as follows: 0.5 = any corneal imperfec-
tion; 1 = mild corneal haze; 2 = moderate opacity; 2.5 =
moderate opacity with dense regional opacity; 3 = diffuse
dense opacity obscuring the iris; 3.5 = diffuse dense opacity
with corneal ulcer; or 4 = corneal perforation. The corneal
neovascularization was scored by dividing each cornea into
4 quadrants, and each quadrant was scored as 0 = no vessels
visible; 2 = vessels extending into the paracentral cornea; or
4 = vessels extending to the central cornea. The total score
of the 4 quadrants was then divided by 16 (360 degrees
vascularization to the central cornea) and multiplying by
100, which represents the percentage of each cornea that
was vascularized. We include the CD31 staining of corneas
to illustrate the degree of vascularization in Supplementary
Figure S1.

Corneal blink reflex was tested by loosely holding the
mouse and touching the cornea with the blunt tips of surgi-
cal forceps without touching the eyelashes and whiskers.
The cornea was divided into 5 areas (4 quadrants and center
area), loss of blink reflex referred to the inability of the
mouse to blink when an area was touched and was recorded
as 0. Positive blink reflex referred to the ability to blink when
an area of the cornea was touched and was recorded as 1.
The total score of the five regions would be the final score of
the corneal blink reflex for a mouse. A score of 0 indicated
a complete loss of corneal sensation such that the mouse
failed to blink when any area of the cornea was touched. A
score of five indicated retention of some degree of sensation
such that the mouse blinked when any area of the cornea
was touched.

CD4 Depletion

Mice were depleted of CD4+ T cells with an IP injection
of 0.15 mg rat anti-mouse CD4 Ab clone GK1.5 (InVivoMAb
anti-mouse CD4, BioXcell, West Lebanon, NH, USA) or mock
depleted with an IP injection of 0.15 mg anti-keyhole limpet
hemocyanin (LTF, InVivoMAb rat IgG2b isotype control).
Injections were given 1 day before UV irradiation, the day of
UV irradiation, and 7 days post-UV irradiation. The efficacy
of CD4 depletion was confirmed by a lack of CD4+ T cells
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in the blood of depleted mice as assessed by flow cytometry
(not shown) 1 week after the final depletion treatment.

Immunohistochemistry

Corneas were dissected and fixed at room temperature for 1
hour in 1.3% paraformaldehyde in PBS, and radial incisions
were made to facilitate flat-mounting of the corneal tissues.
Corneas were washed in PBS 5 times, permeabilized in 1%
Triton X-100 in PBS at room temperature for 60 minutes and
blocked with 20% goat serum (Cedarlane, Burlington, NC,
USA) in blocking buffer (0.3% Triton X-100/0.1% Tween-20
in PBS) for 1 hour. The corneas were then incubated in a 100
μL cocktail of primary antibodies at room temperature for
2 hours, followed by an additional incubation overnight at
4°C. After five 5-minute washes in wash buffer (0.1% Tween-
20 in PBS), the corneas were incubated in a 100 μL cocktail
of secondary antibodies in blocking buffer at room tempera-
ture for 2 hours. Following five 10-minute washes with wash
buffer, the corneas were mounted on slides and dried at 4°C
for at least 12 hours before imaging.

Primary antibodies were: rabbit polyclonal anti-Beta III
tubulin (1:1000, cat #ab18207), chicken polyclonal anti-
tyrosine hydroxylase (TH, 1:200, cat #76442), all from
Abcam, Cambridge, MA, USA; or rat anti-substance P (anti-
SP, 1:300, cat #4311672, BD Bioscience, San Jose, CA, USA),
HSV type-1 antibody, biotin conjugate (Thermo Scientific
Prod #PA1-26169 Lot #RB2160088). Secondary antibodies
included: Alex Fluor 488 goat anti-rabbit IgG (H + L) (1:500,
cat #GR233725-3, Abcam, Cambridge, MA, USA); Alexa Fluor
546 goat anti-chicken IgG (H + L) (1:500, cat #1618409, Life
Technologies, Grand Island, NY, USA); Alexa Fluor 633 goat
anti-rat IgG (H + L) (1:500, cat #73B1-1) from Molecular
Probes, Eugene, OR, USA; and BV421 Streptavidin and 4’-
6-diamidino-2-phenylindole (DAPI 1:5000, Sigma, St. Louis,
MO, USA).

Confocal Microscopy

Stitched Z-stacks spanning entire corneal whole mounts
were acquired with an OLYMPUS BX61 motorized upright
Fluoview 1200 laser scanning confocal microscope equipped
with a x20 (numerical aperture, 0.85) objective lens and
an automated stage. The Z-stack images were saved in the
native Olympus Image Binary (OIB) format and stitched
together using FV10-ASW 2.0 software (Olympus Life
Science, Tokyo, Japan). Brightness levels in the figures were
adjusted for display.

Representative corneal regions in the epithelial-stroma
interphase were selected for the subbasal nerve density
counting. Briefly, five regions (300 μm × 300 μm) were
picked from each cornea: one from the central cornea and
the other 4 regions from 4 quadrants located 500 μm away
from the center. The evaluation of nerves in each cornea
was processed using Simple Neurite Tracer (Longair et al.,
201138) in the segmentation package in FIJI programs and
then analyzed by the 3D Skeletonize (Arganda-Carreras et
al., 201039) FIJI plugin. The total length of nerves in each
area was calculated from the data provided.

Statistical Analysis

All values are presented as mean ± SEM. The significance
of differences between groups was determined by unpaired
parametric t-test. Chi-square test was used to analyze the

severity of HSK of C57BL/6J and NIH mice. The statistical
significance of overall group differences was determined by
1-way ANOVA, followed by the Tukey posttest to assess the
significance of differences between individual subgroups or
determined by unpaired t-test. The statistical significance
between the two treatments in the CD4 depletion exper-
iment was determined by 2-way ANOVA and the statisti-
cal differences between timepoints of disease scoring was
determined by Multiple t-test (unpaired non-parametric test)
in which the Mann-Whitney test and Holm-Sidak’s multiple
comparisons tests were performed. Differences were consid-
ered to be statistically significant at P < 0.05.

RESULTS

UV-B Light Induces Viral Reactivation in all Mice
Latently Infected With HSV-1

In humans, HSV-1 reactivation is characterized by the deliv-
ery of infectious virions to the ocular surface from the
TG, which coincides with an inflammatory response at the
cornea.8 This can temporarily and eventually permanently
damage the optically clear collagen network within the
cornea. Under normal conditions, HSV-1 does not reliably
reactivate from latency in the wild-type C57BL/6J strain of
mice.24 Stimuli, such as psychological stress, can lead to an
increase in viral genome copies within the TG, which has
been characterized as a viral reactivation event. However,
under these conditions, live virus is not readily detected at
the ocular surface. Here, we used a model of HSV-1 reacti-
vation that relies on UV-B light to reactivate HSV-1 McKrae
from latency.25–27 At 28 days post primary infection (dpi),
we exposed NIH and C57BL/6J mice to UV-B light to induce
viral reactivation from latency. Beginning at 2 days post
UV-B (dpu) through 7 dpu, we swabbed eyes every day
and performed plaque assays to assess live virus. In both
strains of mice, we detected live virus in about 30% of the
sample mice (Fig. 1A). It was possible that neutralizing anti-
bodies against HSV-1 produced after primary infection were
reducing the detectability of infectious virus. Therefore, we
next measured whether viral antigens could be detectable
in the cornea after UV-B light exposure. Indeed, 100% of
mice exposed to UV-B light had HSV-1 antigens deposited
in the cornea by 7 dpu, which were gradually lost from the
cornea by 28 dpu (see Fig. 1B, Supplementary Fig. S2).When
3D images were made of corneas, it was clearly discernible
that HSV-1 antigens were deposited in the epithelial layer
of the cornea with limited detectability near the endothelial
portion of the cornea (see Fig. 1C), and this pattern of stain-
ing was consistent between 7 dpu and 28 dpu. Importantly,
corneas from mice that were not exposed to UV-B light after
primary infection (pHSK; see Fig. 1B), showed no detectable
viral antigens, which supports the notion that viral reactiva-
tion is, indeed, occurring in this model of UV-B exposure.
These data suggested that transient viral reactivation does,
indeed, occur in all mice exposed to UV-B light in this rHSK
model.

HSV-1 Reactivation Results in Corneal Disease
and Loss of Blink Reflex

Knowing that UV-B light caused a detectable viral reactiva-
tion event in all experimental mice, we next asked whether
viral reactivation events can lead to corneal disease. Indeed,
mice exposed to UV-B light developed mild to severe corneal
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FIGURE 1. UV-B light induces viral reactivation in all mice latently infected with HSV-1.NIH or C57BL/6J mice (28 dpi, male and female)
were exposed to UV-B light. Beginning at 2 days post UV-B (dpu) through 7 dpu, eyes were swabbed and plaque assays were performed to
assess live virus. (A) Live virus was detected in about 30% of both strains of mice chi-square (1, N = 49) = 0.055, P = 0.814, by chi-square
test. (B, C) At 7 dpu and 28 dpu, NIH mice were euthanized and corneas were excised, flat mounted, and labeled with antibody to HSV-1
antigen. NIH mouse corneas with primary infection but without UV-B irradiation were also examined for HSV-1 antigen. The arrows point
to the cells with positive staining of anti-HSV-1 antigen. (C) Images show 3D construction of a cornea to illustrate the epithelial localization
of HSV-1 antigen. Results in all panels were from two to three independent experiments.
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opacity and vascularization (Figs. 2A–C). In addition, we
observed a significant reduction in blink reflex among mice
after exposure to UV-B light (see Figs. 2A, 2B). Notably,
there were statistical differences in disease scores between
the NIH and C57BL/6J strains. Specifically, 38.4% (16 of 42)
of NIH mice developed moderate to severe corneal opacity,
whereas only 11.5% (3 of 26) of C57BL/6J mice developed
moderate to severe corneal opacity (see Fig. 2D). Further-
more, 35.7% (15 of 42) of NIH mice had a complete loss of
blink reflex compared to 15.4% (4 of 26) of C57BL/6J mice
completely losing blink reflex (see Fig. 2E). We also sepa-
rated the combined data according to the sex of the mice,
and we observed no statistical difference between male and
female mice (Supplementary Fig. S3). Together, these data
suggested that HSK severity after UV-B light-induced viral
reactivation is largely dependent on the genetic strain differ-
ences, and there is no sexual dimorphism in this model of
disease.

UV-B Induced Virus Reactivation Causes More
Severe Corneal Nerve Damage in HSV-1-Infected
Mice

The loss of sensory nerves from the cornea contributes
to the severity of HSV-induced disease,12,17 and our analy-
ses revealed that exposure to UV-B light after HSV-1 infec-
tion leads to a decrease in corneal sensitivity. Therefore,
we wanted to assess the corneal nerve landscape after UV-
B mediated viral reactivation from latency. Cornea whole-
mount staining of the subbasal nerve plexus showed that
there were no changes in the corneal nerve landscape 28
days after UV-B irradiation of eyes that were not previously
infected with HSV-1. The UV-B irradiation does, indeed,
cause retraction of the corneal sensory nerves; however,
those sensory nerves are re-established to densities simi-
lar to control mice by the time of euthanization or 28 dpu.
Although HSV-1 infection alone resulted in a significant
reduction in the subbasal nerve plexus within the corneal
epithelia in NIH mice, C57BL/6J mice maintained a subbasal
nerve plexus similar to uninfected controls. Furthermore, the
total corneal nerve plexus lengths per field (300 μm × 300
μm) in both strains of mice were significantly reduced when
infected and exposed to UV-B light compared to the UV-B
alone control and all uninfected controls (Figs. 3A, 3B).

In the primary HSK model where symptoms manifest
around 10 dpi and maintained indefinitely, sympathetic
nerves dominate the cornea after sensory nerve retrac-
tion.17,28 We next wanted to define the class of nerves that
remain in the cornea with rHSK. Due to the loss of nerves
within the corneal epithelia in the HSV-infected groups that
we described in this and other studies, we analyzed the
innervation of the corneal stroma. Compared to uninfected
eyes, infected eyes that were exposed to UV-B light and
developed severe HSK were more abundantly innervated
with unsensing sympathetic nerves (see Fig. 3C). Notably,
despite their absence in the cornea epithelia, sympathetic
nerves hyperinnervate the cornea stroma during HSK, which
is why there appears to be an abundance of βIII tubulin
staining in HSK cornea stromas (see Fig. 3C) compared to
the epithelia (see Fig. 3A). Moreover, in an area of the cornea
where blink reflex is maintained, the cornea is primarily
innervated with substance P (SP)+ sensory nerves (see Fig.
3D, left). Conversely, in an area of the cornea where the
blink reflex was lost, we observed an increased prevalence of

nerves that expressed tyrosine hydroxylase (TH)—a marker
of sympathetic nerves (see Fig. 3D, right). In the model
of HSK where pathology develops after primary infection,
sympathetic nerves overtake the cornea during peak disease
with no detection of sensory nerves. Here, we show that
this does not occur in the rHSK model because pathology
begins after reactivation with UV-B light and the replace-
ment of sensory nerves with sympathetic nerves is less
uniform. These results illustrate that the progressive disease
observed in this model of rHSK is due to the partial disrup-
tion of corneal nerves after the reactivation event. Further,
it is likely that repeated reactivation events, as is normally
observed in human HSK, would lead to continual disruption
of the corneal nerve landscape and worsening disease.

We also stained the corneal whole-mounts with anti-
CD45 antibody, and we found that CD45+ inflammatory cells
formed cell clusters in the rHSK corneal stroma. These clus-
ters were not present in the corneas of non-infected mice
that were exposed or not exposed to UV light (Supplemen-
tary Fig. S4), The observation that sympathetic nerves inner-
vated the centers of CD45+ cell clusters (Fig. 4A) suggested
that the cross-talk between sympathetic nerves and inflam-
matory cells played a role in the pathogenesis of rHSK.
Although the cell identities within the clusters were varied,
CD4+ T cells made up a substantial percentage of the CD45+

cells in each cluster (see Fig. 4B).

CD4+ T Cells Mediate Corneal Nerve Disruption
After Viral Reactivation From Latency

In conventional models of ocular HSV-1 infection, CD4+

T cells are pathogenic and infiltrate the cornea as early
as 2pi.14,28 These cells perpetuate disease indefinitely by
producing inflammatory cytokines and VEGF-A, which can
lead to corneal necrosis and disruption of corneal nerve
homeostasis.12 We next examined if the observed pathol-
ogy in the rHSK model was also mediated by CD4+ T cells.
To do this, we IP) administered a CD4 depletion antibody
one day prior to reactivation (27 dpi) and 7 days after
reactivation. By 7 dpu, we observed significant improve-
ments in disease within the CD4-depleted group compared
to the mock-depleted group. Specifically, corneas were less
opaque, harbored fewer blood vessels, and maintained blink
reflex in more areas (Figs. 5A–C). Furthermore, the depletion
of CD4+ T cells also resulted in less dense sympathetic inner-
vation of the cornea (see Fig. 5D). We did, however, observe
re-establishment of corneal nerves within the cornea epithe-
lia. Specifically, using βIII tubulin staining, we observed that
there was a more prominent subbasal nerve plexus and fine
sensory endings in CD4 depleted mice compared to mock
depleted mice (see Fig. 5E). This pattern of nerve morphol-
ogy together with the recovery of the blink reflex are indica-
tive that sensation and sensory nerves are at least partially
restored in corneas that have experience viral reactivation
from latency and were depleted of CD4+ cells. Additionally,
CD4+ T cell depletion almost completely eliminated CD45+

cell clusters from the rHSK corneal stroma (see Fig. 5F),
suggesting that CD4+ T cells play a central role in the cross-
talk between the sympathetic nerves and inflammatory cells.
These results indicate that CD4+ T cells, similar to in the
conventional HSK model, are critical for the development of
corneal pathology and the disruption of the corneal nerve
architecture.
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FIGURE 2. HSV-1 reactivation results in corneal disease and loss of blink reflex. NIH or C57BL/6J mice (28 dpi, male and female) were
exposed to UV-B light. (A, B) The mice were examined before UV-B irradiation and at 28 dpu for the severity of HSK, and the corneal
opacity, vascularization and blink reflex were scored and recorded. (C, D) HSK progression was then classified by corneal opacity as mild
(opacity of all quadrants, 0.5 to 1), moderate (opacity of any quadrants, 1.5 to 2), or severe (opacity of any quadrants 2.5 or above). There
were 38.4% (16 of 42) of NIH mice that developed moderate to severe corneal opacity, whereas 11.5% (3 of 26) of C57BL/6J mice developed
moderate to severe corneal opacity. Chi-square test (2, N = 66) = 6.18, P = 0.046. (E) Blink reflex was classified as full blink reflex (with
blink reflex in 5 areas), partial blink reflex (with blink reflex in less than 5 areas), and no blink reflex (no blink reflex in all 5 areas). There
were 35.7% (15 of 42) of NIH mice that had a complete loss of blink reflex, whereas 15.4% (4 of 26) of C57BL/6J mice completely lost blink
reflex, chi-square test (2, N = 66) = 14.57, P = 0.0007, by chi-square test. Results in all panels are presented as mean ± SEM pooled from
four to five independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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FIGURE 3. UV-B induced virus reactivation causes more severe corneal nerve damage in HSV-1-infected mice. NIH or C57BL/6J mice
were left uninfected or were infected with HSV-1 (McKrae). Half of the mice for each condition were exposed or not exposed to UV-B
light. Mice were monitored through 28 dpu for the severity of HSK, and the corneal opacity, vascularization and blink reflex were examined
and recorded. (A. B) At 28 dpu, mice were euthanized and corneas were excised, flat mounted, and labeled with anti-βIII Tubulin to
label all nerves and the cumulative nerve lengths were calculated. The subbasal nerve plexus in the corneal epithelial-stroma interface
were captured, and the nerve densities were counted and analyzed. (C) Corneas were stained for tyrosine hydroxylase (TH; sympathetic
nerves) or substance P (SP; sensory nerves). Innervation of uninfected and severe HSK eyes were compared visually by a blinded observer.
(D) Areas of corneal sensitivity (with blink reflex) were compared to areas without corneal sensitivity (without blink reflex). Arrows point
to the βIII tubulin+/ TH+ sympathetic nerves in the HSK cornea and the βIII Tubulin+/ SP+ sensory nerves in the non-infected cornea or
corneal area with blink reflex. Results are presented as mean ± SEM and representative for two to three independent experiments. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.

DISCUSSION

Modeling HSK in mice is imperfect due to the stability of
latency in mice and the early onset of blinding pathology.
Therefore, we pursued a recurrent HSK model where UV-
B irradiation induces virus reactivation. Here, we show that
primary infection in this model results in a life-long latency

without obvious symptoms and disruption of the corneal
nerve landscape. Upon exposure of the eye to UV-B light,
mice permitted viral reactivation from latency which resulted
in detectable HSV-1 proteins in 100% of eyes despite only a
fraction of those eyes shedding live virus. This resulted in
a CD4+ T cell mediated immune response causing corneal
opacity and the partial loss of blink reflex.
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FIGURE 4. Clusters of CD45+ cells form around sympathetic nerves within the cornea. At 27 dpu, both strains of mice were euthanized
and the corneas were excised, flat-mounted, and labeled with anti-TH antibody (green) and anti-CD45+ antibody (red). (A) The arrows
points to a CD45+ cell cluster. The area in the frame was then examined in a 3D close look. (B) Corneal whole mount staining also showed
that CD4+ T cells (green) constituted a substantial percentage in a CD45+ (red) cell cluster.

Historically, pathology observed in the murine primary
HSK model resembles the leukocytic infiltration, chemokine
production, and vascularization observed during peak
disease in humans.29 However, in humans, HSK is progres-
sive and normally takes years and multiple rounds of viral
reactivation from latency. The rHSK model used here better
resembles human disease in that pathology is progressive
and begins to develop only after UV-B light-induced viral
reactivation.22,25–27 Similar to previous studies, we observed
the progressive development of HSK. Our study differs
from previous studies in that we also assessed the partial,
rather than complete, loss of sensory nerves and blink

reflex after viral reactivation, which was not observed in
uninfected control mice that were only exposed to UV-B
light. Notably, sympathetic nerves invaded the cornea where
sensory nerves retracted. Further, rather than diffuse stro-
mal opacity observed in the primary HSK model, the UV-B
light-induced viral reactivation caused focal stromal opaci-
ties. In sum, our data build off from previous work in the
rHSK field by establishing a correlation between neurologic
changes and physiological corneal pathologies in recurrent
HSK.

Methods to induce HSV-1 viral reactivation from latency
in mice, especially in the C57BL/6J strain, have proven to
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FIGURE 5. CD4+ T cells mediate corneal nerve disruption after viral reactivation from latency. C57BL/6J mice were mock depleted
or depleted of CD4+ T cells by intraperitoneal administered αCD4 antibody or control antibody. The mice were monitored at 7 dpu,
14 dpu, 21 dpu, and 27 dpu for the severity of HSK, and the (A) corneal opacity, (B) vascularization, (C) and blink reflex were scored and
recorded. The differences between CD4+ T cells depleted mice and the mice with mock depletion were examined by 2-way ANOVA. In
addition, we used unpaired Mann-Whitney tests with Holm-Sidak’s multiple comparisons to evaluate the significance at each time point.
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Significance for each time point is noted above the graph. (D) At 27 dpu, mice were euthanized and corneas were excised, flat-mounted,
and labeled with antibodies to βIII tubulin and TH. The arrow points to the βIII tubulin+/ TH+ sympathetic nerves in the mock depleted
cornea. (E) Representative images of cornea to show the corneal nerve morphology comparing mock depleted and CD4 depleted mice.
Arrows either point to the nerve plexus or fine sensory endings. (F) At 27 dpu, both strains of mice were euthanized and corneas were
excised, flat-mounted, and labeled with anti-CD45+ antibody. Arrows point to CD45+ cell clusters. Results in all panels are represented as
mean ± SEM from two independent experiments. *P < 0.05, ***P < 0.001, ****P < 0.0001.

be inconsistent.30 These methods have focused on restraint
stress,4,6 chemical interventions,31 and other means,32 and
resulted in increases in viral genome copies within the TG
and in some instances, the brainstem; however, viral shed-
ding at the periphery has not been reliably detected. These
data cast doubt to the conclusions that link increases in
viral genome copies to a true reactivation event that deliv-
ers live virus to the cornea. The UV-B model of reactivation
used in this study causes viral reactivation in the TG and
the cornea.27 Notably, our model of viral reactivation relies
on scarification of the cornea prior to infection. Whereas
other studies from other groups have shown that ocular
infection and pathology can take place without scarifica-
tion, we chose to scarify the cornea to ensure a more robust
phenotype. In addition, although other groups have shown
that simple scarification of the cornea disrupted the corneal
nerve landscape, here, we showed that corneal nerves—by
3 days post scarification—are re-established in the cornea
similar to unscarified eyes.25,26 Therefore, we concluded
that the scarification model was more appropriate for our
studies.

Although the focus of these studies centered on the
nature of corneal nerve disruption after HSV-1 viral reac-
tivation, our studies allowed us to reach conclusions about
the detectability of virus after UV-B light exposure. Specifi-
cally, our studies reveal that measuring live virus may under-
estimate true reactivation events due to our observation
that UV-B light exposure leads to the detection of HSV-
1 antigens near the epithelial layer of the cornea in 100%
of eyes. In a previous investigation, 34% of mice that did
not shed live virus after UV-B exposure developed stromal
disease, suggesting that the conventional methods. like live
virus quantification through plaque assay counting, may not
be sufficient to detect all viral reactivation events.33 In a
follow-up set of studies, we have been able to highlight and
describe that UV-B exposure also leads to the deposition
of viral RNA into the cornea (data not shown). We did not
include these data as they are beyond the scope of this work
and are included in a manuscript that is in preparation with a
different group of investigators. Together, these data suggest
that viral antigen detection can be a supplementary method
to assist conventional methods in the measurement of HSV-1
reactivation events.

The level of viral gene expression and translation in the
TG that is required for the deposition of HSV-1 antigens in
the cornea is unclear. Further, we are uncertain whether full
virions are produced and immediately neutralized by anti-
bodies, or if viral proteins/incomplete and non-infectious
virions are transported to the cornea from the TG and/or
the peripheral conjunctiva. Regardless of this, we observed
that UV-B light exposure and subsequent HSV-1 viral reacti-
vation from latency led to the disruption of corneal nerves
and corneal pathology. Although CD4+ T cells are essential
for pathology, there is some uncertainty as to whether those
CD4+ T cells are directly responding to HSV-1 antigens or if
HSV-1 infected nerves produce a host factor that directly or
indirectly stimulates CD4+ T cells to cause pathology after

UV-B exposure. If CD4+ T cells were directly responding
to HSV-1 antigens, one would expect disease to gradually
decrease due to our data revealing that HSV-1 antigens are
gradually lost after UV-B exposure. Our results, however,
reveal that disease peaks at 14 dpu, which is after HSV-1 anti-
gens begin progressively losing prominence in the cornea.
These data would suggest that alterations in corneal nerves
and/or the corneal inflammatory status dictate CD4+ T cell
functionality and subsequent disease. Due to the similarities
in corneal nerves between uninfected mice exposed or not to
UV-B light, we are confident that UV-B light alone does not
cause the CD4+ T cell-dependent pathology we observed in
our model of viral reactivation. Conversely, infection alone
was not sufficient to cause disease. Therefore, we reached
the conclusion that UV-B induced viral reactivation from
latency is necessary to cause the observed disruptions in
corneal nerves that lead to pathology. Whether HSV-1 anti-
gens are directly responsible for this process is yet to be
determined and is the subject of a future study.

One would expect that the level of viral shedding would
correlate with the severity of disease; however, our analy-
ses do not reveal a correlation between those parameters.
Because the studies described here are largely longitudinal,
it was not possible to correlate the level of HSV antigen stain-
ing with disease because disease (peaks at 28 dpu) clearly
lagged behind the peak detection of viral antigens within
the cornea (7 dpu). These results highlight the need to deter-
mine the criteria required to define a true reactivation event.

Similar to the primary HSK model, our results highlighted
CD4+ T cell as a critical player in pathology after a viral
reactivation event. Without CD4+ T cells, CD45+ cells did
not form clusters which were innervated by sympathetic
nerves, suggesting the crosstalk between CD4+ T cells and
sympathetic nerves is critical to the pathogenesis of rHSK.
Specifically, CD4+ T cells disrupt the corneal nerve land-
scape by producing VEGF-A, which results in the replace-
ment of sensory nerves with sympathetic nerves in the
cornea.12 Another mechanism in which CD4+ T cells disrupt
corneal nerve architecture is through the production of the
complement component, C3.34 In tandem, these mechanisms
contribute to pathological loss of sensation at the cornea
that leads to disease. Indeed, in this study, CD4+ T cells
contributed to an increase in sympathetic innervation of the
cornea after viral reactivation from latency; however, inner-
vation was less diffuse and affected only regions of the
cornea rather than the entire tissue. These data implicate
that either VEGF-A and/or the complement cascade influ-
ences disease in this model; however, studies are ongoing.
Moreover, the factor that stimulates CD4+ T cells to produce
VEGF-A remains elusive.

NIH mice were more vulnerable to corneal sensory nerve
plexus loss before and after UV-B light-induced viral reacti-
vation compared with the C57BL/6J strain of mice, which is
consistent with previous studies.19,35,36 Similarly, NIH mice
developed more severe corneal opacification after UV-B irra-
diation. Although genetic differences in the host immune
response as well as microbiome differences cannot be elim-
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inated, it is possible that the lack of pigmentation produc-
ing cells in NIH mice may be responsible for the increased
susceptibility to disease. In humans, sunlight is a potent stim-
ulus for the reactivation of HSV-1 as skin pigmentation is
known to affect the absorbance of UV light.37

Here, we have highlighted how a UV-B light-induced
recurrent HSK model may be a more physiological substitute
for the conventional model of HSK where rapid inflamma-
tion causes blinding pathogenesis independent of detectable
live viral reactivation in the cornea from latency. Similar
to the conventional model, CD4+ T cells continue to play
a major role in disease through the disruption of corneal
nerves and subsequent loss of tactile sensation. Our studies
continue to point toward a dynamic relationship between
the neurological and immunological systems in the develop-
ment of blinding ocular surface disease. Whereas our stud-
ies deepen our understanding of the underlying mechanisms
responsible for the development of HSK, it is clear that these
same mechanisms likely function in other corneal neuro-
pathic conditions.
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