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PURPOSE. Heparanase (HPSE) cleaves heparan sulfate proteoglycans during herpes
simplex virus-1 (HSV-1) infection, aiding in viral egress and disease progression. Its
action has been well established in in vitro and in vivo models, but its relevance in
human patients remains unclear. This study aimed to specifically evaluate tear HPSE
levels of patients with herpes simplex keratitis (HSK) and to correlate these findings
with a commonly used murine model.

METHODS. Tear samples from patient and mice samples were collected at LV Prasad Eye
Institute, Hyderabad, India, and at the University of Illinois, Chicago, IL, respectively.
Tears were collected from HSV-1 patients, bacterial/fungal keratitis cases, and healthy
individuals. For in vivo study, C57BL/6 mice were infected with HSV-1 (McKrae strain)
followed by tear fluid collection at various time points (0–10 days).

RESULTS. The HSV-1, bacterial keratitis, fungal keratitis, and healthy control groups each
had 30 patients. There was a significant difference in HPSE expression in the HSV-1
infected eyes (1.55 ± 0.19 units/mL) compared to HSV-1 contralateral eyes (1.23 ± 0.13
units/mL; P = 0.82), bacterial keratitis eyes (0.87 ± 0.15 units/mL; P = 0.0078), fungal
keratitis eyes (0.64 ± 0.09 units/mL; P < 0.00001), and normal controls (0.53 ± 0.06
units/mL; P < 0.00001). C57BL/6 mice tear HPSE expression in infected eyes was 0.66 to
5.57 ng heparan sulfate (HS) removed per minute when compared to non-infected eye
(range, 0.70–3.67 ng HS removed per minute).

CONCLUSIONS. To the best of our knowledge, this study is the first to report elevated HPSE
levels in the tears of patients with different forms of HSV-1 keratitis, and it confirms
similar findings in a murine model, providing a valuable basis for future in vivo and
clinical research on HSV-1 ocular infection.

Keywords: heparanase, tear fluids, clinical and in vivo correlation, herpes simplex virus-1
keratitis, ELISA

Herpes simplex virus-1 (HSV-1) is a neurotropic double-
stranded DNA virus that has the potential to cause

severe corneal manifestations such as blepharitis, conjunc-
tivitis, iritis, retinitis, and keratitis. Herpes simplex kerati-
tis (HSK) is a potentially blinding condition of the cornea.
Although the seroprevalence rate of HSV-1 is declining
in developed countries (currently at 64%), it is increas-
ing in developing countries, reaching levels of approxi-
mately 90%.1–3 In Western countries, HSK is one of the lead-
ing causes of corneal infection when compared with other
etiologies such as fungal and bacterial infections that are
sporadic.4–6 A recent study reported by our group showed

that immune stromal keratitis, which is a form of HSK,
is prevalent in India, followed by epithelial keratitis, and
it predominantly affects males between the third and fifth
decades of life.7 In comparison with other viral infections,
the unique features of HSV-1 keratitis are its chronicity
and recurrent nature.8–10 An average of two or three recur-
rences of infection is found in more than 40% of individu-
als.11,12 The severity of viral infection depends on the inter-
action of its glycoproteins with host factors. Initial viral
infection initiates with the interaction of viral glycopro-
teins (gB, gC, gH, gD, and gL) and host cell receptors,
including heparan sulfate proteoglycans. This binding not
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only activates intracellular signaling pathways involved in
innate immune responses but also activates a couple of host
enzymes facilitate viral egress.13 Heparanase (HPSE) is one
such host enzyme that is considered a hallmark of progres-
sion of viral infection within the host cell. It is an endo-β-D-
glycosidase that acts upon the glycosidic bonds of heparan
sulfate (HS), cleaving it and bringing about structural modi-
fications at the extracellular matrix. Elevation in the level
of HPSE during viral infections causes a dramatic decrease
in HS levels.14 This decrease in HS levels allows the viral
progenies to leave the infected cell and invade the neigh-
boring uninfected cells.15–17

The literature indicates that HPSE expression increases
with disease severity in in vitro studies, and reducing HPSE
activity inhibits viral shedding and disease outcome in
animal models.18–22 However, there is no information avail-
able on the role of HPSE in patients diagnosed with HSK
or the tears of animal models of HSV keratitis. Taking into
consideration that HPSE levels are significantly upregulated
in HSV-1 infections, it is hypothesized to be a potential
marker of HSV-1–related ocular infections. Identifying such a
marker that can predict the occurrence of HSK in the subclin-
ical stage is of utmost importance for improved disease prog-
nosis. To understand the role of HPSE in viral pathogenesis
we conducted a prospective study in which we evaluated
the tear fluid HPSE levels in individuals with HSV-1 keratitis
and correlated our findings in C57BL/6 mice tear fluids.

METHODS

Ethics Statement

Patients clinically diagnosed with HSV-1 keratitis were
included in the study. The study was performed at LV
Prasad Eye Institute, Hyderabad, India, and was approved by
the Institutional Review Board (LEC-BHR-P-04-21-618). The
study adhered to the tenets of the Declaration of Helsinki.
The nature of the study and its possible consequences were
explained before individuals were included in the study,
and written consent was obtained from each individual. The
animal study was reviewed and approved by the animal care
committee of the University of Illinois, Chicago (IRB No. 21-
050).

The in vivo study included 6- to 8-week-old C57BL/6
mice. The experiments were conducted and animals housed
in a Biosafety Level 2 rodent facility in the Biologic
Resources Laboratory at the University of Illinois at Chicago
with a standard 12-hour light, 12-hour dark cycle. Ambient
temperatures and relative humidity at this facility were main-

tained at between 20°C and 26°C and between 45% and
65%, respectively. During the project, trained veterinarians
provided care to the mice. All protocols were reviewed and
certified by the Institutional Animal Care and Use Committee
of the University of Illinois, Chicago (IACUC No. 23-027).

Clinical Specimens

This was a prospective, consecutive, and comparative study
conducted between January 2021 and November 2022. All
patients during this time period who were clinically diag-
nosed with any form of HSV keratitis (Fig. 1) were recruited.
All patients were examined in detail using a slit-lamp micro-
scope (Haag-Streit, Köniz, Switzerland) for clinical features.
All patients were managed as per the standard treatment
protocol for the management of HSV-1 keratitis.23 The clin-
ically identified corneal signs for the study cohort are
described in Supplementary File S1.

For comparison, patients with microbiologically
confirmed bacterial and fungal keratitis were also recruited.
Microbiologically confirmed cases of mixed infections were
excluded from the analysis. Similarly, healthy individuals
having no ocular or systemic comorbidities served as
controls in the study. Tear fluids (approximately 25–30 μL)
were collected from the infected and contralateral eyes
of patients with HSV-1 keratitis, from the infected eyes of
patients with bacterial and fungal keratitis, and from the
left eyes of healthy controls. The samples were transferred
into 0.6-mL centrifuge tubes after collection and given a
short spin for about 12 to 20 seconds before being stored
at −80°C until further use.

HSV-1 Ocular Infection in C57BL/6 Mice

Prior to the corneal epithelial debridement, the mice were
anesthetized using a mixture of ketamine (100 mg/kg) and
xylazine (5 mg/kg) followed by the addition of topical anes-
thesia (0.5% proparacaine). Mice were divided into two
groups: infected (n = 3) and healthy controls (n = 3). Three
horizontal scratches were made on the corneal epithelium
using a 30-gauge needle. HSV-1 (McKrae strain) containing
5 × 105 plaque forming units in a volume of 5 μL was placed
onto the corneal surface of the right eye, and the classical
clinical signs of HSV-1 keratitis were evaluated for a span
of 10 days. Tear fluids were collected using 10-μL tips in a
total 100-μL volume of 1× PBS at various time points (0–10
days) from both the infected and contralateral eyes of the
infected group. Additionally, tears were also collected from

FIGURE 1. Slit-lamp imaging of the different clinically confirmed forms of HSV-1 keratitis: (A) recurrent epithelial keratitis showing dendritic
defects, and (B) necrotizing stromal keratitis.
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the right eyes of the non-infected mice (n = 3) which served
as controls.

HPSE Activity in Clinically Diagnosed HSV-1
Keratitis Patients

Prior to the HPSE level assessment, the samples were
brought down to room temperature and the total protein
concentration was estimated in the cryopreserved samples
using the bicinchoninic acid assay, followed by protein
normalization. The HPSE levels in the tear fluids were
assayed using the Heparan Sulfate Degrading Enzyme Assay
Kit (MK412; Takara Bio, Kyoto, Japan) as per the manufac-
turer’s instructions. Briefly, 50 μL of diluted samples and
standard were added to 96-well plates (167008; Thermo
Fisher Scientific, Waltham, MA, USA) along with 50 μL of
biotinylated HS and were incubated at 37°C for 45 minutes.
After incubation, the mixture of biotinylated HS was trans-
ferred to chitin binding domain (CBD)–fibroblast growth
factor (FGF) immobilized on a microtiter plate (Takara Bio)
and further incubated at 37°C for 15 minutes. Following the
incubation, 100 μL of avidin peroxidase (POD) conjugate
was added and incubated for 30 minutes at 37°C. Finally,
100 μL of POD substrate was added followed by 5 to
15 minutes of incubation at room temperature in the dark.
After the microplate reader (SpectraMax M3; Molecular
Devices, San Jose, CA, USA) was zeroed using distilled water,
the samples were read at 450 nm. The detection range of
the kit was 0 to 4.20 units/mL. A standard curve was gener-
ated using MyCurve Fit (four-parameter analysis). The values
of a, b, c, and d were substituted into the formula: y =
–d + [(a – b)/(1 + (x/c)a)], where y is the absorbance
measured at 450 nm and x is the HPSE activity.

HPSE Activity in C57BL/6 Mice

HPSE activity assays for tear fluids collected from mice were
performed using the AMSBIO Heparanase Assay Kit (Ra001-
BE-K; AMSBIO, Cambridge, MA, USA). The samples were
processed following the instructions provided by the manu-
facturer. Briefly, wells were covalently coated with biotiny-
lated HS. The media of cells treated as indicated were then
added to the wells and allowed to incubate for 1 hour at
37°C. The HS fragments were then washed away followed
by the addition of horseradish peroxidase–conjugated

streptavidin and the 3,3′,5,5′-tetramethylbenzidine (TMB)
substrate. The absorbance was read at 450 nm. Decreases in
absorbance are directly proportional to HPSE activity. The
activity of the samples (ng HS removed per minute) was
calculated. Briefly, R was calculated using the formula: R
= (OD/Max OD) × 500, where Max optical density (OD)
is the maximum reading possible and OD is the reading
obtained from the test well. Then, to obtain the HPSE activ-
ity, R was substituted into the following formula: Activity =
(500 – R)/60 ng HS removed per minute.

Statistical Analysis

Correlation between the tear HPSE levels in different forms
of keratitis patients was determined using Prism (Graph-
Pad, Boston, MA, USA). Descriptive statistics using mean
± standard error (SE) were used to elucidate the demo-
graphic data. Student’s t-test was used to compare paramet-
ric data between two groups with an equal variance, one-
way ANOVA was used to compare among three groups, and
the χ2 test was used to investigate the relationship between
two categorical variables For in vivo assays, two-way ANOVA
was used to make comparisons among the means of three or
more groups of data where two independent variables were
considered. P < 0.05 was considered statistically significant.

RESULTS

Demographic Details

The study cohort was comprised of 120 individuals. Tear
fluids were collected from 30 individuals diagnosed with
infectious keratitis, which included HSV-1, bacterial, and
fungal, along with healthy controls having no other ocular
comorbidity. The overall mean age of the infectious keratitis
was 49.41 ± 1.79 years (range, 10–83) and was dominant in
males (70%, n = 63). For the healthy individuals (n = 30),
the mean age was 26.87 ± 0.42 years (range, 22–32 years),
and the group included 11 males (36.67%). HSV-1 keratitis
included epithelial keratitis (n = 8), stromal keratitis (n =
11), and endotheliitis (n = 8), as well as a combination of
epithelial and stromal keratitis (n = 3). Five of the 30 HSV-1
keratitis patients were suspected to have bilateral infections,
and 11 out of thirty cases had recurrent HSV-1 infection.
The demographic details for the patients clinically diagnosed
with infectious keratitis are included in Table 1.

TABLE 1. Demographic Characteristics of Patients Clinically Diagnosed With Infectious Keratitis Included in the Study Cohort

Demographic Features
HSV-1 Keratitis

(n = 30)
Bacterial Keratitis

(n = 30)
Fungal Keratitis

(n = 30) Significance

Age (y), mean ± SE 48.27 ± 4.14 (10–76) 50.9 ± 3.88 (19–83) 49.07 ± 3.43 (19–80) 0.83a

Gender (male:female), n 19:11 23:7 21:9 0.52b

Initial visual acuity, n —
>20/200 15 23 21
>20/20–<20/200 14 7 9
20/20 1 — —

Diagnosis (n) Epithelial keratitis (8) —
Stromal keratitis (13)

Endotheliitis (7)
Epithelial and stromal keratitis (2)

a One-way ANOVA.
b χ2 test (P > 0.05 not significant).
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TABLE 2. Microbiological Details for Clinically Suspected Patients With Bacterial and Fungal Keratitis

Microbiology Bacterial Keratitis (n = 30) Fungal Keratitis (n = 30)

Culture positive, n 19 18
Acinetobacter baumannii (2) Aspergillus flavus (4)
Corynebacterium amycolatum (2) Aspergillus fumigatus (2)
Moraxells lacunata (1) Enterococcus casseliflavus (1)
Mycobacterium spp. (2) Fusarium spp. (6)
Nocardia spp. (2) Lasiodiplodia theobromae (1)
Pseudomonas aeruginosa (2) Paecilomyces lilacinus (1)
Staphylococcus aureus (2) Phoma spp. (1)
Staphylococcus epidermidis (2) Unidentified dematiaceous fungus (1)
Staphylococcus xylosus (1)
Stenotrophomanas maltophilia (1)
Streptococcus pneumoniae (1)

FIGURE 2. Scatterplot comparing tear HPSE levels. (A) HSV-1 contralateral eye. (B) The Various forms of HSV-1 keratitis. (C) Epithelial
versus stromal keratitis. (D) Stromal versus endotheliitis. (E) Epithelial versus endotheliitis. Statistical analysis was done using Student’s t-test.
*P < 0.05.

Microbiology Details

Corneal scrapings were collected from patients diagnosed
with clinically suspected microbial keratitis for a complete
microbiological workup as per the institutional proto-
col described previously.19 Tear fluids were additionally
collected using capillary tubes prior to corneal scraping from
the infected eye only. Among the cases of bacterial kerati-
tis, 23 of 30 were smear positive, 19 of 30 were culture
positive, and 10 of 30 were positive for both smear and
culture. Twenty-nine of 30 clinically suspected fungal kerati-
tis patients were smear positive, and 18 of 30 were positive
for both smear and culture. The microbiological details for
bacterial and fungal keratitis are provided in Table 2. Corneal
scrapings were collected for nine of 30 HSV-1 keratitis indi-

viduals for PCR and two of 30 for immunofluorescence assay
(IFA); they were positive for HSV-1 DNA (by conventional
PCR) and HSV-1 antigen (by IFA), respectively.

HPSE Levels in Patients Diagnosed With Keratitis

The average HPSE levels from the tears procured from
the HSV-1 keratitis and contralateral eyes were 1.55 ±
0.19 units/mL and 1.23 ± 0.13 units/mL contralateral,
respectively. Surprisingly, there was no significant difference
between the tear HPSE levels when the two groups were
compared (Fig. 2A). Similarly, no statistical significance was
found when the HPSE levels were compared among the
HSV-1 groups: epithelial keratitis (1.17 ± 0.39 units/mL, n =
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FIGURE 3. Scatterplot comparing tear HPSE levels. (A) PCR-positive patients (9/30). (B) Bilateral infections (5/30). (C) Initial (19/30) versus
recurrent (11/30) HSV-1 keratitis. (D) Recurrent HSV-1 keratitis (11/30). (E) Initial HSV-1 keratitis (19/30). Statistical analysis was done using
Student’s t-test for graphs. *P < 0.05.

8), stromal keratitis (1.61 ± 0.3 units/mL, n = 11), endothe-
liitis (1.98 ± 0.43 units/mL, n = 8), and the combination of
epithelial and stromal HSV-1 keratitis (1.24 ± 0.22 units/mL,
n = 3) (Fig. 2B). The HPSE levels of individual patients with
each form of HSV-1 keratitis are provided in Supplementary
File S2.

PCR was positive for the HSV-1 DNA for nine of 30
patients, but no statistical difference was observed in the
HPSE expression between the infected eye (1.32 ± 0.34
units/mL) and the contralateral eye (1.26 ± 0.26 units/mL)
(Fig. 3A). The tear HPSE levels were also calculated for bilat-
eral infections (Fig. 3B) and initial versus recurrent infec-
tions (only in the infected eye) (Fig. 3C), but there was
no significant difference in the expression of the enzyme.
Moreover, there was no expression of tear HPSE among the
initially infected HSV-1 versus contralateral eye (Fig. 3D) and
the recurrent infected HSV-1 eye versus contralateral eye
(Fig. 3E). The details regarding the subanalysis are provided
in Table 3.

In comparison to HSV-1 keratitis, tear HPSE levels were
lower for cases of bacterial keratitis (0.87 ± 0.15 units/mL)
(Fig. 4A) and fungal keratitis (0.64 ± 0.09 units/mL)
(Fig. 4B). Further, these levels were significantly lower in
healthy individuals (0.53 ± 0.06 units/mL; P < 0.00001)
(Fig. 4C). The levels of tear HPSE across the study popula-
tion are shown in Table 4. The level of HPSE in each patient
diagnosed with bacterial and fungal keratitis is provided in
Supplementary File S3.

HPSE Activity in HSV-1–Infected C57BL/6 Mice

To investigate HPSE expression in the tears of HSV-1–
infected mice, the right eyes of C57BL/6 mice were scratched
and infected with HSV-1 (Fig. 5). Prior to the infection,
tear fluid was collected from the entire study population.

TABLE 3. Comparison of HPSE Levels Within HSV-1 Keratitis
Individuals

HSV-1 Keratitis Individuals
HPSE (units/mL)

Mean ± SE Significance

HSV-1 keratitis 0.82a

Infected eye (30) 1.55 ± 0.19
Contralateral eye (30) 1.23 ± 0.13

PCR positive 0.46a

Infected eye (9) 1.30 ± 0.34
Contralateral eye (9) 1.26 ± 0.25

HSV-1 keratitis stage (only infected eye) 0.43a

Initial HSV-1 keratitis (19) 1.59 ± 0.35
Recurrent HSV-1 keratitis (11) 1.52 ± 0.22

Initial HSV-1 keratitis 0.13a

Infected eye (19) 1.59 ± 0.35
Contralateral eye (19) 1.22 ± 0.16

Recurrent HSV-1 keratitis 0.21a

Infected eye (11) 1.59 ± 0.35
Contralateral eye (11) 1.25 ± 0.24

Bilateral infections 0.34a

Infected eye (5) 1.77 ± 0.44
Contralateral eye (5) 1.55 ± 0.29

HSV-1 characterization 0.27b

Epithelial keratitis (8) 1.17 ± 0.39
Stromal keratitis (11) 1.61 ± 0.3
Endothelial keratitis (8) 1.98 ± 0.43
Mixed HSV-1 keratitis (3) 1.24 ± 0.22

a Student’s t-test.
b One-way ANOVA (Kruskal–Wallis test); P < 0.05 considered

significant.

After HSV-1 corneal infection, tears were collected until 10
days post-infection from HSV-1 infected, contralateral, and
healthy mice eyes. HPSE activity assays in the tear samples
indicated that there was an initial increase in the tear HPSE
levels in HSV-1–infected mice eye (scratched right eyes;
0.66–5.73 ng HS removed per minute) when compared to
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FIGURE 4. Scatterplot depicting the elevation of tear HPSE levels in HSV-1 keratitis patients when compared to clinically and microbiologically
confirmed patients with bacterial keratitis (A) or fungal keratitis (B). Tear HPSE levels were also compared between HSV-1 keratitis individuals
and healthy controls (C). Statistical analysis was done using Student’s t-test for graphs. *P < 0.05.

TABLE 4. HPSE Levels Among the Study Population and Control

Study Population

HPSE
(Units/mL)
Mean ± SE Significancea

Bacterial keratitis (n = 30) 0.87 ± 0.15 0.004
Fungal keratitis (n = 30) 0.64 ± 0.09 <0.00001
Healthy controls (n = 30) 0.53 ± 0.06 <0.00001

a Student’s t-test; P < 0.05 considered significant.

the contralateral eye (unscratched left eyes; 0.56–5.87 ng
HS removed per minute); however, the difference was not
statistically significant (Fig. 6A). The scratched right eyes
of healthy mice also showed an increase in tear HPSE
levels from baseline, but it was not significantly different
when compared to contralateral non-scratched eyes until 4
days after epithelial debridement. Surprisingly, 4 days post-
infection, a significantly higher amount of HPSE was found
in the contralateral eyes of the infected mice (Fig. 6B).
Finally, when HPSE activity was compared between the
infected eyes (scratched right eyes) and non-infected eyes
(unscratched left eyes), we observed that, with the progres-
sion in days, HPSE expression was elevated in the infected
eyes (0.66–5.73 ng HS removed per minute) of mice when
compared to their healthy counterparts (0.70–3.67 ng HS

removed per minute). The levels of tear HPSE from animal
eyes are provided in Supplementary File S4.

DISCUSSION

HSV-1 keratitis is a serious ocular manifestation, and under-
standing the underlying host mechanisms and potential
markers, such as tear HPSE expression, can be beneficial to
better diagnosis and prognosis of the eye disease. HPSE is
an endo-β-D-glycosidase that is ubiquitously expressed and
required for the removal of HS during infection. Moreover,
the enzyme, being a pro-angigogenic factor, not only allows
the virus to spread within the cornea but also causes angio-
genesis of the cornea. Previous studies by our group indi-
cated an increase in HPSE expression in the virally infected
corneas of Balb/c mice and human corneal epithelial cells,
and knocking down the HPSE expression helped to reduce
spreading of the virus throughout the cornea.14 A study by
Lobo et al.,24 who used host corneal buttons, showed that
this mammalian host enzyme was upregulated in the corneal
epithelium and stromal tissues of 10 patients diagnosed with
HSV-1 keratitis. Various other groups have also predicted a
role for HPSE in viral pathogenesis in vitro.25–27 The findings
of these studies support a role for HPSE in viral pathogenesis
in cell lines and animal models, but it is important to be able
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FIGURE 5. Representative images of eyes of C57BL/6 mice: (A) Prior to the infection and post-infection on days 1, 2, 4, 6, 8, and 10 (B–G).

to predict its expression in clinical samples of patients diag-
nosed with presumed HSV-1 keratitis to routinely use it as a
therapeutic. To confirm the expression of HPSE in tear fluids,
we evaluated its expression in HSV-1 keratitis patients. We
found significant upregulation of tear HPSE levels in HSV-
1 keratitis individuals when compared to their counterparts
(Fig. 4).

An increase in HPSE expression is not only specific to
viral infections but also involved in various other inflam-
matory conditions such as cancer, neuroinflammation,28–30

bacterial infections, gastric cancer,31 inflammatory bowel
disease,32 and diabetic retinopathy.33 When we compared
the tear HPSE levels between the HSV-1 keratitis and bacte-
rial keratitis patients, there was a significant difference in
HPSE levels (0.87 ± 0.15 units/mL; P = 0.004) (Fig. 4A).
Despite strict scrutiny before the samples were selected, four
of the 30 patients with bacterial keratitis had higher HPSE
levels. It might be possible that those individuals visited the
clinic in the prodromal stage. Moreover, secondary bacte-
rial infections are associated with HSV-1 keratitis, so it is
quite possible that those groups of patients were exposed
to bacterial infections at some stage of their life or the virus
might have been in the latent phase.34 Furthermore, signif-
icant differences in tear HPSE levels were found between

patients with fungal keratitis and those with HSV-1 keratitis
(0.64 ± 0.09 units/mL; P < 0.00001) (Fig. 4B).

When the tear HPSE levels for healthy controls were
compared with those of HSV-1 keratitis patients, significant
expression was noted in the infected eyes (Fig. 4C). But, five
of the 30 healthy controls who had no ocular or systemic
comorbidity expressed HPSE in their tears, indicative of
subclinical shedding of HSV-1. Kaufman et al.35 reported that
around 70% (n = 50) of individuals having no ocular comor-
bidity were positive for HSV-1.36

It was also surprising to find that there was no statis-
tical difference in the HPSE levels between contralateral
eyes when compared to the infected eyes of the HSV-1
keratitis patients (Fig. 2A). This might be due to subclinical
inflammation without having any signs of classical kerati-
tis, but the exact cause behind the expression remains to be
determined. It is presumed that there might be neutrophil
infiltration to the site of the infection, which releases
neutrophil extracellular traps (NETs) as a primary defense
mechanism against the infection.37 Studies have shown the
NETs play a role in fungal and bacterial ocular infec-
tions, as well as in viral infections such as influenza virus
and SARS–CoV-2.38–41 However, their role in ocular HSV-
1 infections remains a mystery. Further studies are neces-
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FIGURE 6. Scatterplot comparing tear HPSE expression between infected and contralateral eyes of C57BL/6 mice (A), between non-infected
or healthy mice and contralateral eyes (B), and between healthy eyes and infected eyes (C). Statistical analysis was done using two-way-
ANOVA for graphs. *P < 0.05.

sary to provide insights into the role of NETosis in HSV-1
keratitis.

Finally, to validate our findings we carried out an in
vivo experiment in which it was found that there was
no difference in the HPSE activity between the infected
and contralateral eyes of the mice, which corroborated our
human study (Fig. 6A). There was a significant increase in
HPSE expression in the non-infected eyes when compared to
the contralateral eyes (Fig. 6B), which coincides with the tear
HPSE levels found in the healthy human controls. Interest-
ingly, we found an increase in HPSE expression in the non-
infected eyes of the mice until day 4 post-infection, when
it decreased (Fig. 6C). Because HPSE expression is associ-
ated with inflammation, there could be cell migration to the
scratch site for wound healing and inflammation reduction.

This study utilized patient samples to evaluate HPSE
expression. All of the different forms of HSV-1 keratitis
(epithelial, stromal, and endothelial) were evaluated in the
study. The strictest scrutiny was applied to confirm the pres-
ence of bacterial keratitis or fungal keratitis. With regard to
study limitations, the sample size was a major drawback. We
could not derive any conclusions regarding differences in
HPSE expression among initial and recurrent HSV-1 kerati-
tis (Fig. 3C), bilateral infections (Fig. 3B), or different forms
of HSV-1 keratitis (Fig. 2B).

To conclude, to the best of our knowledge, our study is
the first to include patient samples to evaluate tear HPSE
levels in HSV-1 keratitis. The results agree with reported
tear HPSE expression in in vivo models and indicate that
tear HPSE levels could help in distinguishing HSV-1 kerati-
tis from non-viral pathogenesis. From the findings of this
study, it can be predicted that identifying HPSE levels in
the tears of presumed HSV-1 keratitis patients would signif-
icantly contribute to disease management. Further, studies
using HPSE inhibitors might lead to pathbreaking therapeu-
tic targets to better diagnosis and improve the prognosis of
herpes simplex keratitis.
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