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ABSTRACT Invariant natural killer (iNKT) cells are among the first innate immune
cells to elicit early protective immunity that controls invading viral pathogens. The
role of the iNKT cell subsets iNKT1, iNKT2, and iNKT17 in herpesvirus immunity re-
mains to be fully elucidated. In this study, we examined the protective role of
cornea-resident iNKT cell subsets using the mouse model of ocular herpesvirus infec-
tion and disease. Wild-type (WT) C57BL/6 (B6) mice and CD1d knockout (KO) mice
were infected ocularly with herpes simplex virus 1 (HSV-1) (strain McKrae). Cornea,
spleen, and liver were harvested at 0, 2, 5, 8, and 14 days postinfection (p.i.), and
the frequency and function of the three major iNKT cell subsets were analyzed and
correlated with symptomatic and asymptomatic corneal herpesvirus infections. The
profiles of 16 major pro- and anti-inflammatory cytokines were analyzed in corneal
lysates using Western blot and Luminex assays. Early during ocular herpesvirus infec-
tion (i.e., day 2), the gamma interferon (IFN-�)-producing PLZFloROR�tlo (promyelo-
cytic leukemia zinc finger, retinoic acid-related orphan receptor gT) iNKT1 cell subset
was the predominant iNKT cell subset in infected asymptomatic corneas. Moreover,
compared to the asymptomatic corneas of HSV-1-infected WT mice, the symptom-
atic corneas CD1d KO mice, with iNKT cell deficiency, had increased levels of the in-
flammatory cytokine interleukin-6 (IL-6) and decreased levels of IL-12, IFN-�, and the
JAK1, STAT1, NF-�B, and extracellular signal-regulated kinase 1/2 (ERK1/2) pathways.
Our findings suggest that IFN-�-producing PLZFloROR�tlo iNKT1 cells play a role in
the protective innate immune response against symptomatic ocular herpes.

IMPORTANCE We investigated the protective role of iNKT cell subsets in asymptom-
atic ocular herpesvirus infection. We found that early during ocular herpesvirus in-
fection (i.e., on day 2 postinfection), IFN-�-producing PLZFloROR�tlo iNKT1 cells were
the predominant iNKT cell subset in infected corneas of asymptomatic B6 mice (with
little to no corneal herpetic disease), compared to corneas of symptomatic mice
(with severe corneal herpetic disease). Moreover, compared to asymptomatic cor-
neas of wild-type (WT) B6 mice, the symptomatic corneas of CD1d KO mice, which
lack iNKT cells, showed (i) decreases in the levels of IFN-� and IL-12, (ii) an increase
in the level of the inflammatory cytokine IL-6; and (iii) downregulation of the JAK1,
STAT1, NF-�B, and ERK1/2 pathways. The findings suggest that early during ocular
herpesvirus infection, cornea-resident IFN-�-producing PLZFloROR�tlo iNKT1 cells pro-
vide protection from symptomatic ocular herpes.
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Herpes simplex virus 1 (HSV-1) is among the most prevalent and successful human
pathogens (1). HSV-1 infects over 3.72 billion individuals worldwide and can cause

potentially blinding recurrent corneal keratitis (1–7). Both innate and adaptive immune
cell subsets are necessary to combat HSV-1 infection and disease (8–11). Innate
immune cells are rapid responders and play a critical role in early host protective
immune responses that control virus replication (12). One such cell type is natural killer
T (NKT) cells participating in the defense against viral pathogens, including HSV-1
(13–15). NKT cells, as the name suggests, share phenotypic and functional features of
both NK and T cells and, unlike other cells, migrate from the thymus, primed to respond
to and aid in early antiviral defenses (16). Invariant natural killer T (iNKT) cells are type
1 NKT cells that express a semi-invariant T cell receptor (TCR) consisting of a limited
number of V� chains associated with an invariant TCR �-chain, V�14J�18 in mice and
V�24J�18 in humans (17–23). The iNKT TCRs can detect lipid antigens bound to a major
histocompatibility complex (MHC) class I-like molecule, called CD1d, present on
antigen-presenting cells (APCs) such as dendritic cells (DCs), B cells, macrophages, and
epithelial cells (12). iNKT cells function mostly by the rapid release of cytokines and lead
to the stimulation or suppression of immune reactions (12, 24–27). Exogenously added
�-galactosylceramide (�GalCer) (a synthetic glycolipid originally derived from a marine
sponge) binds to CD1d acting as a potent stimulator of iNKT cells, resulting in the rapid
release of huge amounts of cytokines such as gamma interferon (IFN-�) or interleukin-4
(IL-4) (28–30).

iNKT cells are among the innate immune cells that play an early critical role in
eliciting protective immunity that controls virus replication. Although there are cur-
rently no known herpesvirus-associated lipid iNKT antigens, iNKT activation can occur
in the absence of a pathogen-derived lipid antigen. Proinflammatory signals activated
during virus infection can activate iNKT cells through enhanced CD1d-dependent
endogenous lipid presentation (31). In humans, a deficiency of NKT cells has been
shown to be associated with severe and fatal herpesvirus infections (32). One immune
evasion strategy of HSV is to downregulate the expression of CD1d on the surface of
infected dendritic cells and monocytes (33, 34). HSV-1 infection in iNKT knockout (KO)
mouse models demonstrated that these cells contribute to virus and disease control
(32). Functionally polarized subsets of iNKT cells, iNKT1, iNKT2, and iNKT17, are gener-
ated in the thymus and secrete Th1-, Th2-, and Th17-like cytokines, respectively (35–39).
The iNKT subsets are similar to MHC-restricted CD4� T cell subsets and share the same
transcription factors that regulate their function (40–42). Three distinct thymic subsets
have been identified based on their phenotype and the cytokines that they produce,
including PLZFlo, T-bet� (iNKT1), PLZFhi GATA-3hi (iNKT2), and PLZFint ROR�t� (promy-
elocytic leukemia zinc finger, retinoic acid-related orphan receptor gT) (iNKT17) (35–39).
However, the role of the three major iNKT cell subsets, iNKT1, iNKT2, and iNKT17, in
herpesvirus immunity remains to be fully elucidated. It is also not clear how iNKT cells
affect antiviral responses and disease in these models. In this study, we examined the
frequency and function of the three major iNKT cell subsets (i.e., iNKT1, iNKT2, and
iNKT17) during early ocular herpesvirus infection in the corneas of HSV-1-infected
asymptomatic (ASYMP) and symptomatic (SYMP) mice.

NKT cells are restricted by MHC class I-like CD1 molecules expressed on APCs, and
because the CD1 molecule is also required for the development of CD1d-dependent
NKT cells, CD1-deficient mice selectively lack CD1d-dependent NKT cells, with a KO of
the Cd1d1/Cd1d2 locus resulting in a lack of iNKT cells (32). Using CD1d KO mice, we
analyzed if these cytokines secreted by iNKT cells play a role in ocular herpes. Both iNKT
cells and DCs are programmed to migrate to inflamed peripheral tissue (43). In this
study, we examined the molecular mechanisms contributing to infection and disease in
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the CD1d KO mouse model and report that the iNKT cell lineage is associated with
protective immune responses during acute ocular HSV-1 infection in mice.

We report that early during acute ocular herpesvirus infection, the IFN-�-producing
PLZFloROR�tlo iNKT1 cell subset constitutes a major innate immune cell population that
infiltrates the HSV-1-infected corneal tissue and contributes to the clearance of ocular
herpesvirus infection and protection from cornea herpetic disease.

RESULTS
Increased frequency of the iNKT1 subset in the cornea early following ocular

HSV-1 infection. We first studied iNKT cell frequencies in the corneas of C57BL/6 (B6)
mice (n � 10) 0, 2, 5, 8, and 14 days following ocular HSV-1 infection with the laboratory
HSV-1 strain McKrae at 2 � 105 PFU/eye. iNKT cells infiltrating the cornea were stained
with monoclonal antibodies (mAbs) specific for mouse CD3, iNKT (CD1d tetramer [Tet]).
There were significant increases in the percentage and number of iNKT cells infiltrating
the infected cornea as early as day 2 following ocular HSV-1 infection (Fig. 1A). The
average percentages of iNKT cells detected in the infected cornea at days 0, 2, 5, 8, and
14 postinfection (p.i.) were 1.2%, 8.5%, 5.4%, 2.7%, and 1.4% of the total CD3 cells,
respectively. The frequency of iNKT cells infiltrating the cornea following ocular HSV-1
infection then gradually decreased to reach the postinfection level. The average
numbers of iNKT cells detected in infected corneas at days 0, 2, 5, 8, and 14 were 30,
345, 142, 69, and 39 iNKT cells, respectively.

To determine the frequencies of the three major iNKT cell subsets, iNKT1, iNKT2, and
iNKT17, in HSV-1-infected corneas, B6 mice were either infected with the HSV-1
laboratory strain McKrae at 2 � 105 PFU/eye (n � 10) or mock infected (n � 10). The
corneas and spleens were harvested at 2 days postinfection, a time point when the
peak of iNKT cell cellularity was reached in the cornea. The cornea and spleen cell

FIG 1 Kinetics of the frequencies of iNKT cell subsets in the corneas of CD1d KO mice following ocular herpetic infection. C57BL/6 (n � 10) mice were ocularly
infected with HSV-1 (2 � 105 PFU/eye of the McKrae strain). Corneas were harvested at days 0, 2, 5, 8, and 14 postinfection (p.i.). Corneal single-cell suspensions
were stained with mAbs specific for CD3 and CD1d Tet (iNKT cells), T-bet, GATA-3, and ROR�t (iNKT1, iNKT2, and iNKT17 cell subsets) and analyzed by FACS
staining. (A) Kinetics of iNKT frequencies in HSV-1-infected corneas. (Left) Representative contour plots of the frequencies of iNKT cells (CD3� CD1d Tet�)
detected in corneas of HSV-1-infected B6 mice at days 0, 2, 5, 8, and 14 p.i. (Right) Average frequencies of CD3� CD1d Tet� iNKT cells in corneas of
HSV-1-infected B6 mice. (B) Frequencies of iNKT cell subsets (iNKT1, iNKT2, and iNKT17) detected in HSV-1-infected corneas on day 2 postinfection. (Left)
Representative contour plots of the three major iNKT cell subsets detected in the corneas and spleens of HSV-1-infected B6 mice at day 2 p.i. (Middle) Average
frequencies of iNKT1, iNKT2, and iNKT17 subsets in corneas and spleens of 10 HSV-1-infected B6 mice at day 2 p.i. Statistical analysis was performed using
Student’s t test. Nbr, number. (Right) Illustration of the phenotype and cytokine production of the iNKT1, iNKT2, and iNKT17 subsets.
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suspensions were then stained with mAbs specific for mouse CD3, iNKT (CD1d Tet);
PLZF; and ROR�t and analyzed by fluorescence-activated cell sorter (FACS) staining.
Among the total CD3� CD1d� Tet� iNKT cell population, there was a significant
increase in the frequency of the iNKT1 cell subset, compared to the iNKT2 and iNKT17
subsets (Fig. 1B). Specifically, in the corneas of 10 mice, the average frequency of the
iNKT1 subset was 59.3%, and the iNKT17 subset represented 17.2%, while the iNKT2
subset represented only 9.8% (Fig. 1B, top). In the spleen (control), the percentage of
iNKT cells was at a low average of 2.3% of the total CD3 cells. Spleen-derived iNKT cells
had predominantly iNKT1 subsets (85.6% of iNKT cells), compared to low percentages
of the iNKT2 and iNKT17 subsets (Fig. 1B, bottom).

Altogether, these results demonstrate that (i) there was an increased frequency of
iNKT cells in the cornea early following ocular HSV-1 infection of B6 mice and (ii) CD3�

CD1d� Tet� T-bet� PLZFloROR�tlo iNKT1 cells represent the major iNKT cell subset
infiltrating the corneas of B6 mice early following ocular herpesvirus infection.

High frequency of the functional iNKT1 cell subset in the corneas of HSV-1-
infected B6 mice is associated with asymptomatic ocular herpes. To further under-
stand the role of the three major iNKT cell subsets (i.e., iNKT1, iNKT2, and iNKT17 cells)
in protective innate immunity against corneal herpetic infection and disease, B6 mice
were infected ocularly with HSV-1. On day 8 p.i., infected B6 mice were divided into
symptomatic (SYMP) and asymptomatic (ASYMP) groups based on the severity of
corneal herpes symptoms, as detailed in Materials and Methods. The frequencies and
functions of the three major iNKT cell subsets were then compared on day 8 p.i. in
SYMP and ASYMP mice. Single-cell suspensions of corneas obtained from infected mice
at day 8 p.i. were stained with mAbs specific for CD3, iNKT (CD1d Tet); PLZF; and ROR�t
and analyzed by FACS staining. Early on, at 2 days postinfection, we detected signifi-
cantly higher frequencies of iNKT1 cells in the corneas of HSV-1 infected ASYMP than
in SYMP mice (P � 0.05) (Fig. 2A). Significantly higher percentages of iNKT cells (CD3�

CD1d Tet�) were detected in the corneas of HSV-1-infected ASYMP than in SYMP mice,
as shown in representative contour plots (Fig. 2A, top) and by the average frequencies
of CD3� CD1d Tet� iNKT cells (Fig. 2A, bottom). Specifically, there was an increased
percentage (4.1% versus 1.4%) as well as an increased number (80 versus 24) of iNKT
cells in single corneas of ASYMP mice compared to SYMP mice. In contrast, similar
frequencies of iNKT cells were seen in the spleens (control compartment) (1.8% versus
1.6%) of the same SYMP and ASYMP mice (Fig. 2A, right).

Moreover, the iNKT cell subsets (iNKT1, iNKT2, and iNKT17) in the total iNKT (CD3�

CD1d Tet�) gated population in corneas at day 8 p.i. demonstrated a statistically
significant increase in the percentage of the iNKT1 subset (49.4% versus 29.2%;
P � 0.05) in SYMP and ASYMP mice, respectively (Fig. 2B). The function of cornea-
derived iNKT cells was also greater in ASYMP than in SYMP mice. Specifically, there was
a significant increase in the frequency of IFN-�-producing iNKT cells in the corneas of
ASYMP compared to the corneas of SYMP mice (44.8% versus 14.5%; P � 0.05) (Fig. 2C),
further supporting the association of the functional iNKT1 cell subset with asymptom-
atic ocular herpes. In contrast, ASYMP mice showed a trend toward decreased IL-4
expression (24.1% versus 37.5%) compared to SYMP mice, supporting a lesser role for
the functional iNKT2 cell subset in asymptomatic ocular herpes. There was no signifi-
cant difference in the frequencies of IL-17-expressing iNKT17 cells in the corneas of
SYMP compared to ASYMP mice (P � 0.05).

Altogether, these results indicate that (i) iNKT cells are major players in protective
innate immunity during early ocular herpesvirus infection and (ii) the iNKT1 cell subset,
but neither the iNKT2 nor the iNKT17 cell subset, plays a major role in protection from
symptomatic corneal herpes.

CD1d KO mice, with iNKT cell deficiency, are more susceptible to HSV-1 ocular
infection and disease. To better understand the role of cornea-resident iNKT cells in
protection from ocular herpetic infection and disease, CD1d KO mice and wild-type
(WT) B6 mice (n � 10) were similarly infected ocularly with 2 � 105 PFU/eye of HSV-1
(McKrae strain). Single-cell suspensions of the corneas, spleens, and livers (control)
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obtained from CD1d KO mice at day 8 p.i. were stained with mAbs specific for CD3, iNKT
(CD1d Tet), and analyzed by FACS staining, as described below. As expected, the
percentage of iNKT cells was significantly lower in the corneas (0.15% versus 1.2%),
spleens (0.09% versus 1.4%), and livers (1.0% versus 15.6%) of CD1d KO mice than in WT
mice (P � 0.05) (Fig. 3A). iNKT cells were mostly localized in the stroma of the cornea
of protected B6 mice (Fig. 3B). As shown in Fig. 3C, significantly higher virus titers were
detected in ocular swabs of CD1d KO mice than in WT mice, collected at days 2, 5, and
7 p.i. (Fig. 3C, left). Specifically, on days 2, 5, and 7 p.i., we detected 8,705, 105,651 and
267 PFU/ml from eye swabs of CD1d KO mice, compared to only 8,203, 6,631, and 71
PFU/ml from eye swabs of WT B6 mice (P � 0.05). Similarly, up to 14 days p.i., there was
significantly less survival of CD1d KO mice than of WT mice. Specifically, only 70% of
mice survived HSV-1 infection with 2 � 105 PFU/eye of HSV-1 (McKrae strain), compared
to 90% of WT mice (Fig. 3C). Mice were scored for ocular herpetic disease at days 2, 5,
7, 10, and 14 p.i., including the severity of pathological symptoms of keratitis and
blepharitis, as detailed in Materials and Methods. As shown in Fig. 3D (bottom), there

FIG 2 Frequencies and functions of the three major iNKT cell subsets in the corneas of HSV-1-infected symptomatic and asymptomatic mice. C57BL/6 (n � 10)
mice were ocularly infected with HSV-1 (2 � 105 PFU/eye of the McKrae strain). At day 8 p.i., mice were separated into symptomatic (SYMP) and asymptomatic
(ASYMP) groups based on the severity of ocular herpes disease, as detailed in Materials and Methods. Single-cell suspensions of corneas obtained from SYMP
and ASYMP groups were stained with mAbs specific for CD3 and CD1d Tet (iNKT cells), T-bet, GATA-3, and ROR�t (iNKT1, iNKT2, and iNKT17 cell subsets) and
analyzed by FACS analysis. (A, top) Representative contour plots of the frequencies of iNKT cells (CD3� CD1d Tet�) detected in corneas of HSV-1-infected SYMP
and ASYMP B6 mice. (Bottom) Average frequencies of CD3� CD1d Tet� iNKT cells in the corneas of HSV-1-infected SYMP and ASYMP B6 mice. (B, left)
Representative contour plots of the frequencies of iNKT cell subsets (iNKT1, iNKT2, and iNKT17) detected in corneas of 10 HSV-1-infected SYMP and ASYMP B6
mice. (Right) Graphs showing average frequencies of NKT1, NKT2, and NKT17 subsets in asymptomatic and symptomatic mice. (C) Function of iNKT cells from
the corneas of HSV-1-infected SYMP and ASYMP B6 mice. Single-cell suspensions of corneas obtained from HSV-1-infected SYMP and ASYMP B6 mice were
stimulated overnight with heat-inactivated HSV-1 and stained with mAbs specific for CD3, iNKT (CD1d Tet), IFN-�, and IL-4. (Left) Representative contour plots
of IFN-� and IL-4 expression by iNKT cells from corneas of HSV-1-infected SYMP and ASYMP B6 mice. (Right) Average frequencies of CD3� CD1d Tet� iNKT cells
in the corneas of HSV-1-infected SYMP (white bars) and ASYMP B6 mice. Statistical analysis was performed using Student’s t test. NS, not significant.
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were significant increases in keratitis scores of CD1d KO mice compared to WT mice at
day 7 (1.35 versus 0.75 for KO versus WT mice), day 10 (1.4 versus 0.6), and day 14 (1.5
versus 0.5).

Altogether, these results (i) indicate that a lack of iNKT cells in symptomatic CD1d KO
mice is associated with increased HSV-1 ocular infection and disease and decreased
survival and (ii) confirm the role of iNKT cells in early protection from corneal herpes-
virus infection and disease in asymptomatic WT mice.

Downregulation of the IFN-� pathway in HSV-1-infected corneas of CD1d KO
mice is associated with symptomatic corneal herpetic disease. iNKT cells, which
appear frequently in HSV-1-infected corneas, are known to rapidly secrete many
cytokines, including IFN-�, upon activation (12, 24, 40, 44). We therefore next compared
the activation levels of the IFN-� pathway and the amounts of a panel of 16 cytokines
produced in the corneas of CD1d KO versus WT mice. Age- and gender-matched CD1d
KO mice (which lack iNKT cells) and WT B6 mice (n � 10) were infected ocularly with
2 � 105 PFU/eye of HSV-1 (strain McKrae). HSV-1-infected corneas were harvested at
days 2 and 5 p.i. and homogenized, and lysates were prepared for Western blot assays
(Fig. 4A). Significant reductions in the levels of IFN-� were detected in the corneas of
CD1d KO mice compared to WT mice (P � 0.01) (Fig. 4A, top). To investigate the
potential molecular mechanisms that subsequently follow the activation of the IFN-�

FIG 3 Ocular herpesvirus infection and disease in CD1d knockout mice lacking iNKT cells. CD1d knockout (KO) mice and wild-type (WT) B6 mice (n � 10) were
ocularly infected with HSV-1 (2 � 105 PFU/eye of the McKrae strain). Single-cell suspensions of corneas, spleens, and livers were obtained from infected mice
at day 8 p.i.; stained with mAbs specific for CD3 and CD1d Tet (iNKT cells), T-bet, GATA-3, and ROR�t (iNKT1, iNKT2, and iNKT17 cell subsets); and analyzed by
FACS staining. (A, top) Representative contour plots of the frequencies of iNKT cells (CD3� CD1d Tet�) detected in corneas of HSV-1-infected CD1d KO and WT
mice. (Bottom) Average frequencies of CD3� CD1d Tet� iNKT cells in the corneas of HSV-1-infected CD1d KO and WT mice. (B) Localization of NK1.1 cells in
the corneas of CD1d KO and WT mice infected with HSV-1 at day 14 p.i. stained with CD3 and NK1.1 (arrows). EPI, epithelium. (C, left) Virus titers in
HSV-1-infected CD1d KO and WT mice. Virus particles were measured by a plaque assay in eye swabs collected at days 2, 5, 7, and 10 p.i. Data are
expressed as the mean PFU per milliliter � standard errors of the means (SEM). (Right) Survival of HSV-1-infected CD1d KO and WT B6 mice. *, P � 0.05. (D,
top) Representative eye pictures showing corneal herpetic disease (i.e., keratitis and blepharitis) in HSV-1-infected CD1d KO and WT B6 mice scored at days 7,
10, and 14 p.i. Stromal keratitis was scored as follows: 0 for no disease, 1 for cloudiness with some iris detail visible, 2 for obscured iris detail, 3 for totally opaque
cornea, and 4 for cornea perforation. Blepharitis was scored as follows: 0 for no disease, 1 for puffy eyelids, 2 for puffy eyelids with some crusting, 3 for eye
swollen shut with severe crusting, and 4 for eye completely swollen shut. (Bottom) Average corneal herpetic disease (i.e., keratitis and blepharitis) scores from
10 HSV-1-infected CD1d KO and WT mice on days 7, 10, and 14 p.i.
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pathway in HSV-1-infected cornea-resident iNKT cells, we compared the levels of
activation of the JAK1, STAT1, p100 NF-�B, p65 NF-�B, and extracellular signal-
regulated kinase 1/2 (ERK1/2) pathways in the corneas of CD1d KO versus WT mice at
2 and 5 days postinfection. As early as 2 days postinfection and concomitant with the
reduction in the level of IFN-�, we detected significant decreases in the activation levels
of JAK1, STAT1, p100 NF-�B, and ERK1/2 in the corneal lysates of CD1d KO mice
compared to WT mice (P � 0.05) (Fig. 4A). Subsequently, on day 5 postinfection, there
were also significant decreases of both IFN-� and STAT1 in the corneas of HSV-1-
infected CD1d KO mice compared to the corneas of HSV-1-infected WT mice. However,
on days 2 and 5 postinfection, no significant differences in the levels of p65 NF-�B and
�-actin (control) were detected in the corneas of HSV-1-infected CD1d KO versus WT
mice (P � 0.05) (Fig. 4A). Thus, IFN-� and its downstream signaling molecules were
downregulated in CD1d KO mice. However, the DNA-sensing pathway induced by
herpesvirus infection that stimulates cGAS (cyclic GMP-AMP synthase), STING (cGAS
stimulator of interferon genes), and the IFN-� pathway was not altered in CD1d KO
mice (Fig. 4B).

These results indicate that (i) the downregulation of the levels of IFN-� and its
downstream cascade pathways in HSV-1-infected corneas of CD1d KO mice is associ-
ated with symptomatic corneal herpetic disease and, in contrast, (ii) the upregulation
of the levels of IFN-� and its downstream cascade pathways in HSV-1-infected corneas
of WT mice is associated with asymptomatic herpes.

Altered cytokine profile of IFN-�, IL-6, and IL-12 in HSV-1-infected corneas of
CD1d KO mice is associated with symptomatic corneal herpetic disease. We
confirmed a significant decrease in level of IFN-� in nonprotected corneas of CD1d KO
mice compared to protected corneas of WT mice (35 pg/ml versus 19 pg/ml at day 2,
and 230 pg/ml versus 110 pg/ml at day 5 p.i., respectively) (Fig. 5A) using a Luminex
assay for 16 of the most well-known inflammatory cytokines, including IFN-�, IL-1�,
IL-1�, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p40, IL-12p70, IL-15, IL-17, IP-10 (IFN-� inducible
protein 10) macrophage colony-stimulating factor (M-CSF), and tumor necrosis factor
alpha (TNF-�). In addition to IFN-�, the secretion of IL-6 was increased in the corneas
of CD1d KO mice compared to the corneas of WT mice at day 2 p.i.

FIG 4 Activation of the IFN-� pathway in CD1d KO and WT mice following ocular herpetic infection. CD1d KO mice and WT B6 mice (n � 10) were ocularly
infected with HSV-1 (2 � 105 PFU/eye of the McKrae strain). Corneas were harvested at days 2 and 5 p.i., and total corneal lysates were used for Western blotting.
(A, left) Immunoblots of whole corneal lysates were stained with mAbs specific for IFN-�, Jak1, STAT1, p100 NF-�B, p65 NF-�B, and ERK1/2. (Right) corresponding
mean percent relative intensities normalized to �-actin values from two sets of experiments. (B, top) Immunoblots of the whole corneal lysate were stained
with mAbs specific for IFN-�, STING, C-GAS, and �-actin. (Bottom) Corresponding mean percent relative intensities normalized to �-actin values from two sets
of experiments.
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Corneal cells from symptomatic CD1d KO mice stimulated with heat-inactivated
HSV-1 McKrae showed a significant decrease in the level of IFN-� compared to corneal
cells from asymptomatic WT mice (i.e., 109 pg/ml versus 30 pg/ml on day 2 postinfec-
tion, respectively) (Fig. 5B). In contrast, on day 2 postinfection, we detected a decrease
in the level of IL-6 in the corneas of asymptomatic WT mice compared to the corneas
of symptomatic CD1d KO mice (i.e., 284 versus 1,274 pg/ml) (Fig. 5B). Also, symptomatic
CD1d KO mouse corneas showed decreased levels of DC (dendritic cell)-secreted
cytokines such as IL-12p40 (120 versus 35 pg/ml) and IL-12p70 (98.6 versus 35 pg/ml)
upon stimulation.

These results indicate that (i) increased production of IL-6, as early as 2 days
postinfection, was associated with severe symptomatic inflammatory ocular herpetic
disease and (ii) increased production of IFN-� and IL-12 was associated with asymp-
tomatic corneal herpetic infection.

Decreased frequency of activated DCs in the corneas of HSV-1-infected CD1d
KO mice. To further investigate the cellular mechanism underlying the severe cornea
herpes observed in CD1d KO mice, we determined the frequency and activation of B
cells and DCs, two innate immune cell types known to interact with iNKT cells (45–48)
(Fig. 6A). Age- and gender-matched CD1d KO mice and WT B6 mice (n �10) were
similarly infected ocularly with 2 � 105 PFU/eye of HSV-1 (strain McKrae). Single-cell
suspensions of the corneas, spleens, and livers (control) obtained from CD1d KO mice
at days 2 and 5 p.i. were stained with mAbs specific for mouse CD1d, B220, CD11b,
CD11c, and CD3, iNKT (CD1d Tet), and analyzed using FACS staining, as described
above.

Two and five days after ocular HSV-1 infection, there was a significant decrease
in the frequency of DCs detected in the corneas of CD1d KO mice compared to WT
mice. Specifically, on day 2 p.i., there were 12.5% versus 5.9% DCs, and on day 5 p.i.,

FIG 5 Cytokine profiles in corneas of CD1d KO and WT mice following ocular herpetic infection. (A) CD1d KO mice and WT B6 mice (n � 10) were ocularly
infected with HSV-1 (2 � 105 PFU/eye of the McKrae strain). Corneas were harvested at days 2 and 5 p.i., and total corneal lysates were used for a Luminex
cytokine assay. Uninfected cells were used as negative controls. (Left) Levels of IFN-�, IL-1�, IL-1�, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p40, IL-12p70, IL-15, IL-17, IP-10,
M-CSF, and TNF-� detected using a Luminex assay in the corneal extracts of HSV-1-infected mice at day 2 (top) and day 5 (bottom) p.i. (Right) Corresponding
heat map of the cytokine profile. (B) At days 2 and 5 p.i., corneal cells from WT and CD1d KO mice were isolated and stimulated with heat-inactivated HSV-1
McKrae. The corneal cell culture supernatant was used for a Luminex cytokine assay. (Left) Levels of IFN-�, IL-1�, IL-1�, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p40,
IL-12p70, IL-15, IL-17, IP-10, M-CSF, and TNF-� detected using a Luminex assay in the corneal cell supernatants of HSV-1-infected mice at day 2 (top) and day
5 (bottom) p.i. (Right) Corresponding heat map of cytokines. Statistical analysis was performed using Student’s t test.
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there were 15.6% versus 7.1% DCs, in HSV-1-infected corneas of CD1d KO mice
compared to corneas of WT mice (Fig. 6B). There was a significant decrease in the
expression of the CD86 activation marker detected on DCs from the corneas of
CD1d KO mice compared to the corneas of WT mice (mean fluorescence intensity
[MFI], 7,987 versus 5,457) on day 2 p.i. (Fig. 6C). There was no significant difference
observed in either the activation or the expression of CD86 on gated DCs in the
corneas of B6 and CD1d KO mice infected with McKrae at day 5 p.i. (MFI, 7,935
versus 7,054). To determine whether the effect on the activation of DCs was specific
to the cornea (the site of acute infection), we studied the frequency and activation
of DCs in other compartments, such as the spleen and liver (controls). No differ-
ences were detected in the frequency (Fig. 6D) and activation (Fig. 6E) of DCs
(CD45� CD11b� CD11c� F4/80�) derived from the spleens at day 0 (MFI, 942 versus
902), day 2 p.i. (MFI, 3,256 versus 3,207), and day 5 p.i. (MFI, 3,105 versus 3,376)
between the CD1d KO and B6 mice.

Being a professional antigen-presenting cell type, DCs express CD1d that can
present lipid antigens to NKT cells. In CD1d KO mice, as expected, there was a
significant downregulation of the expression of CD1d on both B cells and DCs com-
pared to WT mice (see Fig. S1 in the supplemental material). Also, as expected, the
frequency of NKT2 cells (NK1.1� and CD3�) was significantly lower in the corneas of
symptomatic CD1d KO mice than in the corneas of asymptomatic WT mice (P � 0.05)

FIG 6 DC activation in CD1d KO mice during ocular herpetic infection. CD1d KO mice and WT B6 mice (n � 10) were ocularly infected with HSV-1 (2 � 105

PFU/eye of the McKrae strain). Corneas were harvested at days 2 and 5 p.i., and single-cell suspensions were stained with Abs specific for murine CD45, CD11b,
CD11c, F4/80, MHC class II, and CD86 and analyzed using FACS staining. Uninfected cells were used as negative controls. (A) Illustration of iNKT-DC interactions
in the cornea. IL-12 is secreted by DCs, which in turn stimulates IFN-� production by the neighboring iNKT1 cell subset. (B, left) Representative contour plots
of the frequencies of DCs (CD45� CD11b� CD11c� F4/80�) detected at days 2 and 5 p.i. in the corneas of HSV-1-infected CD1d KO and WT mice. (Right) Average
frequencies of DCs in the corneas of HSV-1-infected CD1d KO and WT mice. (C, left) Representative histograms showing CD80 upregulation on gated CD11c�

CD11b� DCs from the corneas of HSV-1-infected CD1d KO and WT mice on days 2 and 5 p.i. (Right) Average MFIs of CD86 in corneal DCs at days 2 and 5 p.i.
(D, left) Representative contour plots of the frequencies of DCs detected at days 2 and 5 p.i. in the spleens (control) of HSV-1-infected CD1d KO and WT mice.
(Right) Average frequencies of DCs in the spleens of HSV-1-infected CD1d KO and WT mice. (E, left) Representative histograms showing CD80 upregulation on
gated CD11c� CD11b� DCs from the spleens of HSV-1-infected CD1d KO and WT mice at days 2 and 5 p.i. (Right) Average MFIs of CD86 in spleen-derived DCs
at days 0, 2, and 5 p.i. Statistical analysis was performed using Student’s t test.
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(Fig. S1). A low frequency of the CD1d-independent NKT-like cell subset (NK1.1� and
CD3�) was also present in the corneas of symptomatic CD1d KO mice.

These results demonstrate (i) a decreased frequency and reduced activation of DCs
in the corneas of CD1d KO mice versus WT mice and (ii) that these differences in the
frequency and activation of DCs are specific to infected corneas.

DISCUSSION

Invariant NKT (iNKT) cells are among the innate immune cells that respond quickly
to invading viral pathogens during early phases of infections (reviewed in references 31
and 49). In the present study, we discovered that during acute ocular herpesvirus
infection, the IFN-�-producing PLZFloROR�tlo iNKT1 cell subset constitutes a major
innate immune cell population that infiltrates the HSV-1-infected cornea and contrib-
utes to the clearance of ocular herpesvirus infection and to protection from cornea
herpetic disease.

Three distinct major subsets of iNKT cells were identified based on their phenotype
and cytokine profile: (i) the iNKT1 subset, which is PLZFlo and T-bet� (iNKT1) and
produces mainly IFN-�; (ii) the iNKT2 subset, which is PLZFhi and GATA-3hi and produces
mainly IL-4 (these PLZFhi GATA-3hi iNKT2 cells consist of a mixed population of cells that
are not fully differentiated [39, 50]); and (iii) the iNKT17 subset, which is PLZFint and
ROR�t� and produces mainly IL-17 (35, 51, 52). Our results show both quantitative and
qualitative differences in the iNKT cell subsets between asymptomatic and symptom-
atic mice. We identified a major proportion of the IFN-�-producing PLZFloROR�tlo iNKT1
cell subset infiltrating the cornea early, within the first 7 days of ocular HSV-1 infection.
In contrast, the iNKT2 and iNKT17 subsets constitute only a minority iNKT cell propor-
tion in HSV-1-infected corneas during the acute phase of infection. Moreover, we
demonstrated that the high proportion of IFN-�-producing PLZFloROR�tlo iNKT1 cells in
HSV-1-infected corneas is associated with asymptomatic ocular herpes, suggesting their
role in reducing virus replication with a-yet-to-be-determined mechanism. There was a
significant increase in PLZFloROR�tlo iNKT1 cells in the corneas of HSV-1-infected
“protected” asymptomatic B6 mice compared to the corneas of “nonprotected” B6
symptomatic mice. As early as 2 days postinfection, we detected a significant increase
in the frequencies of the NKT1 subset in the corneas (59.6%) and spleens (85.6%) of
HSV-1-infected WT mice. Although the frequency of the iNKT1 subset is slightly lower
in the cornea than in the spleen, the enriched local NKT1 subset in the infected cornea
likely plays a critical role in innate protection early during ocular HSV-1 infection. In
addition, we demonstrated increased IFN-� production by iNKT cells in protected
asymptomatic B6 mice upon infection with HSV-1, suggesting a direct link between the
amount of replicating virus and the local activation of iNKT cells. As expected, signif-
icantly lower frequencies of iNKT cells were detected in the corneas of HSV-1-infected
CD1d KO mice than in the corneas of HSV-1-infected B6 WT mice. The background
detected in the livers of CD1d KO mice was likely due to the specific mouse strain
used and/or to nonspecific binding of CD1d tetramer antibodies (Abs). Moreover, we
found that the absence of CD1d expression or iNKT cells modulates DC activation and
function using CD1d KO mice. Invariant NKT cells have been reported to play various
roles in virus infection, such as in the regulation of other cell subsets like NK cells,
regulatory T cells, and B cells. However, besides the present study, there is no literature
on the recently identified iNKT cell lineages (iNKT1, iNKT2, and iNK17) and their
association with the protective immune response to ocular herpes.

In agreement with data from previous studies (53–56), we detected an increased
frequency of iNKT cells in the corneas of HSV-1-infected B6 mice early during ocular
herpesvirus infection. Although there was an increase in the frequency of IFN-�-
producing PLZFloROR�tlo iNKT1 cells in the corneas of HSV-1-infected asymptomatic
mice, compared to the corneas of HSV-1-infected symptomatic mice, the causes of
such an increased frequency of iNKT1 cells in protected asymptomatic corneas and
the underlying protective cellular and molecular mechanisms by which iNKT cells
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may directly or indirectly control HSV-1 infection and disease remain to be fully
elucidated (7).

The factors that are responsible for this cornea inflammation during ocular herpes-
virus infection are proinflammatory cytokines and chemokines (57, 58). Many of these
factors have been defined for primary cornea herpetic disease (57, 58). One important
feature of iNKT function is the rapid production of a vast array of cytokines, including
IFN-�, TNF-�, IL-2, IL-4, IL-5, IL-6, IL-10, IL-13, IL-17, and IL-21 (12, 24, 40, 44), and
chemokines, including CXCR3 chemokines (59). A decline in these cytokines/chemo-
kines due to the absence of iNKT cells in the corneas of HSV-1-infected CD1d KO mice
would lead to an increase in virus replication and a worsening of corneal disease,
suggesting a major role for cytokines/chemokines produced by iNKT cells during early
ocular herpesvirus infection. We found increased IFN-� production in the asymptomatic
corneas of WT mice, suggesting the activation of IFN-�-producing iNKT cells, compared
to the symptomatic corneas of CD1d mice that lack iNKT cells. Interestingly, the level
of the inflammatory cytokine IL-6 was increased in the corneas of HSV-1-infected CD1d
mice, suggesting its involvement in the inflammatory corneal herpetic disease seen in
these mice. However, no difference was detected in other cytokines, such as IL-2, IL-4,
IL-5, IL-10, IL-13, IL-17, IL-21, IP-10, M-CSF, and TNF-�, in the corneas of HSV-1-infected
WT versus HSV-1-infected CD1d KO mice.

Similar to data from previous reports (32, 60–68), we detected high levels of virus
replication and severe herpetic disease in CD1d KO mice compared to WT mice. The
missing iNKT cell-mediated protective mechanisms or disease-mediated mechanisms in
CD1d KO mice would be caused by a lack of IFN-�-producing PLZFloROR�tlo iNKT1 cells,
a cell population that is highly presented in the protected asymptomatic corneas of WT
mice. Furthermore, unlike for the IFN-� pathway, we found no difference in the IFN-�
and the cGAS-STING pathways in the corneas of CD1d KO mice versus WT mice,
pointing a major role of IFN-� in the observed protection. This possibly also suggests
that, unlike the role of the IFN-� pathway in controlling virus replication and disease,
there was no apparent role for the IFN-� pathway in protection from virus replication
and herpetic disease. The inflammatory cytokine IFN-� activates the mitogen-activated
protein kinase (MAPK) (ERK1/2) and NF-�B signaling pathways by binding to the
corresponding receptors (69, 70). We observed a decrease in the activation of both the
p-ERK and NF-�B pathways, probably mediated through Jak1-Stat1, in CD1d KO mice
during ocular herpesvirus infection, confirming the downregulation of the IFN-� path-
way that would provide protection from virus replication and disease. The major output
of the MAPK and NF-�B signaling cascades downstream will be a proinflammatory
response; hence, the activation of these pathways may indicate an early protective
inflammatory response (5, 71–75). In addition, we demonstrated that IFN-� is the major
cytokine directly released, or indirectly upregulated, by iNKT cells in the cornea,
compared to the 15 other cytokines studied. Moreover, the observed decrease in the
frequency and activation of cornea-resident DCs suggests interregulation between DCs
and iNKT cells, with a yet-to-be-determined mechanism, in the HSV-1-infected cornea.

In this study, we found that an increased level of the proinflammatory cytokine IL-6
in corneas, as early as 2 days postinfection, was associated with severe inflammatory
ocular herpetic disease in symptomatic CD1d KO mice. This suggests a pathogenic role
of IL-6 in HSV-1-infected symptomatic corneas, with a yet-to-be-determined immuno-
pathological mechanism. IL-6 and the related family members IL-1, IL-8, IL-18, IL-33, and
TNF-� (CXCL8) are the prototype cytokines associated with inflammatory responses to
many infectious diseases (76–81). During early HSV-1 infection, IL-6 can be produced by
many immune and nonimmune cells, including mononuclear phagocytes, DCs, endo-
thelial cells, and fibroblasts, in the symptomatic cornea. In contrast, a lower level of IL-6
was detected in the asymptomatic corneas from WT B6 mice. This result is in agreement
with a previous report of reduced neutrophil-attracting IL-6 and a reduced population
of neutrophils in the corneas of HSV-1-infected asymptomatic mice, with no herpetic
stromal keratitis (HSK) (81). Unlike IL-6, the level of IFN-� was increased on days 2 and
5 postinfection in the asymptomatic corneas of WT B6 mice compared to the symp-
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tomatic corneas of CD1d KO mice, suggesting a protective role of IFN-�. IFN-� is likely
produced by the abundant iNKT1 cell subset detected in the asymptomatic corneas of
WT B6 mice. Finally, on day 2 postinfection, we found an increase in the level of IL-12
in the asymptomatic corneas of WT B6 mice compared to the symptomatic corneas of
CD1dKO mice, also suggesting a protective role of IL-12. Because the asymptomatic
corneas of WT B6 mice also presented frequent DCs, it is likely that IL-12 was secreted
locally by these frequent DCs, which in turn stimulated the neighboring abundant
iNKT1 cells, also abundant in the asymptomatic cornea, to produce IFN-�, a major factor
that interferes with virus replication.

HSK is characterized by an inflammatory response that includes neutrophils, mac-
rophages, NK cells, iNKT cells, and T cells (8–11, 57, 82). Although this study demon-
strates the role of iNKT1 cells in early protection from primary corneal herpetic disease
(acute HSK), their role in protection from recurrent HSK (rHSK) remains to be fully
elucidated. In humans, differences in the numbers and functions of NK cells have been
reported to affect the prognosis of recurrent herpetic stromal keratitis (83). However,
the role of iNKT cells in protection from recurrent herpetic stromal keratitis in humans,
or in animal models of recurrent herpes, has not been reported. We are currently
comparing the roles of various iNKT cell subsets in protection from recurrent herpetic
stromal keratitis in both symptomatic/asymptomatic humans and a UVB-induced re-
current herpes mouse model (84–86), and the results will be the subject of future
reports. The CD1d KO mouse model used in this study lacks the lipid antigen-
presenting molecule on various antigen-presenting cells (including B cells and DCs), as
shown in Fig. S1 in the supplemental material. At this juncture, we do not know if a lack
of CD1d contributes to symptomatic disease by any means.

In conclusion, the findings reported here suggest (i) an increase in the frequency of
iNKT cells infiltrating the HSV-1-infected cornea early during infection; (ii) that cornea-
resident IFN-�-producing PLZFloROR�tlo iNKT1 cells are major protective innate cells
infiltrating the cornea during early acute corneal infection; (iii) an increase in the iNKT1
frequency is associated with decreases in virus replication and disease in corneas in
asymptomatic B6 mice; (iv) a lack of iNKT cells in CD1d KO mice is associated with a
profound decrease in local IFN-� secretion in the cornea, which is subsequently
associated with the downregulation of the MAPK (ERK1/2) and NF-�B signaling path-
ways; and (v) a reduced frequency of maturated DCs in the cornea during ocular
herpesvirus infection may interregulate iNKT1 cell frequency and function, leading to
severe corneal herpetic disease. Overall, to the best of our knowledge, we are the first
group to report the high frequency of the IFN-�-producing PLZFloROR�tlo iNKT1 cell
subset infiltrating the cornea early during HSV-1 infection and its association with
asymptomatic ocular herpes.

MATERIALS AND METHODS
Virus propagation and titration. The HSV-1 laboratory strain McKrae was used throughout this

study. For virus propagation, rabbit skin (59) cells (ATCC, Manassas, VA) were grown in Eagle minimum
essential medium with Earle’s salts and L-glutamine (Corning, Manassas, VA) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin. HSV-1 was propagated in rabbit skin (RS) cells,
as we described previously (87); purified by ultracentrifugation in a sucrose gradient; and titrated by a
plaque assay. Uninfected cells were used as negative controls.

Mice. Animal studies were conducted with the approval of the Institutional Animal Care and Use
Committee (IACUC) of the University of California, Irvine (approval no. 19-111) and conformed to the
recommendations of the Guide for the Care and Use of Laboratory Animals of the U.S. National Institutes
of Health (88). Female C57BL/6 (B6) WT and CD1d KO mouse breeder pairs (6 to 8 weeks of age) were
purchased from the Jackson Laboratory (Bar Harbor, ME).

Ocular infection with HSV-1. Mice were infected with 5 � 105 PFU per eye of HSV-1 strain McKrae
via eye drops in a total of 2 �l sterile phosphate-buffered saline (PBS) after corneal scarification (i.e., light
scratches) in a crosshatched pattern (4 to 5 vertical and 4 to 5 horizontal scratches) with a 25-gauge
needle. Mice were monitored daily for ocular herpesvirus infection and disease progression. To examine
corneal inflammation and cloudiness, pictures were taken at several time points with a Nikon D7200
camera.

Ocular herpesvirus infection and disease monitoring and scoring in mice. Virus shedding was
quantified in eye swabs collected at days 2, 5, 7, and 10 p.i. Eyes were swabbed using moist swabs and
frozen at �80°C until titrated on RS cell monolayers, as described previously (87). Mice were scored on
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days 2, 5, 7, 10, and 14 for pathological symptoms of keratitis and blepharitis after infection with the
HSV-1 McKrae strain at 2 � 105 PFU/eye. Stromal keratitis was scored as follows: 0 for no disease, 1 for
cloudiness with some iris detail visible, 2 for obscured iris detail, 3 for totally opaque cornea, and 4 for
cornea perforation. Blepharitis was scored as follows: 0 for no disease, 1 for puffy eyelids, 2 for puffy
eyelids with some crusting, 3 for eye swollen shut with severe crusting, and 4 for eye completely swollen
shut. The graphs show the corresponding keratitis and blepharitis scores at days 7, 10, and 14 p.i. The
average total score for each group was calculated by dividing the total score for each day by the total
number of eyes in each group. HSV-1-infected mice were segregated into two groups: (i) the asymp-
tomatic (ASYMP) group, with no recurrent corneal herpes disease (with severity of disease scored from
0 to 1 on a scale of 0 to 4), and (ii) the symptomatic (SYMP) group (with severe corneal herpetic disease
with a score of 2 to 4 on a scale of 0 to 4).

Flow cytometry. Single-cell suspensions from the mouse corneas after collagenase treatment
(15 mg/ml) for 1 h were used for fluorescence-activated cell sorter (FACS) staining. The following
antibodies (all purchased from BD Biosciences, Franklin Lakes, NJ) were used: anti-mouse CD3 (clone
17A-2), CD45 (clone 30-F11), CD11c (clone HL3), CD11b (clone M1/70), F4/80 (clone BM8), T-bet (clone
04-46), GATA-3 (clone L50-823), ROR�t (clone q31-378), CD80 (clone 16-10A1), HLA-DR (clone M5/114),
and CD1d Tet specific for the mouse V�14J�18 TCR for iNKT cells (NIH tetramer core facility, Emory
University, Atlanta, GA). For surface staining, mAbs against various cell markers were added to a total of
1 � 106 cells in PBS containing 1% FBS and 0.1% sodium azide (FACS buffer) and left for 45 min at 4°C.
For intracellular/intranuclear staining, cells were first treated with Cytofix/Cytoperm (BD Biosciences) for
30 min. Upon washing with Perm/Wash buffer, mAbs were added to the cells, and the cells were
incubated for 45 min on ice in the dark, washed with Perm/TF Wash and FACS buffers, and fixed in PBS
containing 2% paraformaldehyde.

Immunohistochemistry. Mouse corneas were flash frozen in optimal cutting temperature (OCT)
compound and sectioned at a 10-�m thickness for immunohistochemistry (IHC). Indirect immunofluo-
rescence staining was performed by incubation with the primary antibody overnight, followed by the
secondary antibody for 1 h at room temperature. The primary antibodies used were anti-mouse CD11c,
CD3, and NK1.1 (BD Biosciences). Secondary antibodies included goat anti-mouse Cy5 antibody and goat
anti-rabbit Cy3 antibody (all purchased from Jackson Immunoresearch, West Grove, PA). After 3 PBS
washes, slides were mounted with Fluoromount-G with 4=,6-diamidino-2-phenylindole (DAPI) (Invitro-
gen, Carlsbad, CA). Images were captured on a BZ-X710 All-in-One fluorescence microscope (Keyence
Corporation of America, Itasca, IL).

Western blotting. Corneas were dissected, homogenized in lysis buffer (radioimmunoprecipitation
assay [RIPA] buffer supplemented with 1% protease inhibitor) and stored at �80°C for Western blot
assays and enzyme-linked immunosorbent assays (ELISAs). Cell lysates were quantified, and 30 �g of
protein was loaded onto SDS-PAGE (4 to 15%) gels for electrophoresis and then transferred to a
polyvinylidene difluoride (PVDF) membrane (Merck Millipore, Burlington, MA). After blockade with 5%
bovine serum albumin (BSA), the membranes were incubated with primary antibodies, including
anti-mouse IFN-� (clone 37895; R&D Systems, Minneapolis, MN), IFN-� (catalog no. PA5-86767; Invitro-
gen), phospho-NF-�B p65 (catalog no. 3033S; Cell Signaling Technology, Danvers, MA), NF-�B p65
(catalog no. 8242S; Cell Signaling Technology), phospho-NF-�B2 p100 (catalog no. 4810S; Cell Signaling
Technology), NF-�B2 p100 (catalog no. 4882S; Cell Signaling Technology), phospho-p44/42 MAPK
(catalog no. 9101; Cell Signaling Technology), p44/42 MAPK (catalog no. 9102; Cell Signaling Technol-
ogy), and �-actin (Cell Signaling Technology), overnight at 4°C. Secondary antibodies included horse-
radish peroxidase (HRP)-conjugated anti-rat immunoglobulin G (Cell Signaling Technology) and HRP-
conjugated anti-rabbit IgG (Cell Signaling Technology). Detection of protein bands was performed with
an enhanced chemiluminescence (ECL) (Merck Millipore) substrate, and imaging was performed with
ChemiDoc imaging systems (Bio-Rad). The immunoblots were quantified using ImageJ software, and
results were normalized to �-actin expression.

Luminex assay. Corneal lysates or cell supernatants were assayed for the cytokines IFN-�, IL-1�,
IL-1�, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p40, IL-12p70, IL-15, IL-17, IP-10, M-CSF, and TNF-� using the
Luminex kit according to the manufacturer’s instructions (Milliplex multiplex assays with Luminex;
Millipore Sigma, Danvers, MA). Samples were assayed using the Luminex assay system (Magpix).

Virus titration in eye swabs. Eye swabs (tears) were analyzed for viral titers by a plaque assay. RS
cells were grown to 70% confluence in 24-well plates. The transfer medium in which eye swabs were
stored was added after appropriate dilution at 250 �l per well in 24-well plates. Infected monolayers
were incubated at 37°C for 1 h, rocked every 15 min for viral adsorption, and then overlaid with medium
containing carboxymethyl cellulose. After 48 h of incubation at 37°C, cells were fixed and stained with
crystal violet, and viral plaques were counted under a light microscope. Positive controls were run with
every assay using previously determined viral titers of laboratory stocks of McKrae.

Statistical analysis. Data for each assay were compared by Student’s t test using GraphPad Prism
version 5 (GraphPad, La Jolla, CA). Differences between the groups were identified by analysis of variance
(ANOVA) and multiple-comparison procedures, as we previously described (87). Data are expressed as
the means � standard deviations (SD). Results were considered statistically significant at a P value of
�0.05.
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