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Abstract
Herpes simplex virus (HSV) infection of the cornea culminates in an immunopathological lesion
(stromal keratitis - SK) that impairs vision. This report shows that HSV infection results in IL-23
up-regulation, but if this response fails to occur, as was noted in p19-/- mice, the severity of lesions,
their incidence and the level of viral induced angiogenesis were significantly increased compared to
wild-type (WT) animals (p < 0.05). The higher disease severity in p19-/- mice appeared to be the
consequence of an increased IL-12 response that in turn led to the induction of higher numbers of
IFN-γ producing CD4+ T cells, the principal orchestrators of SK. Our results indicate that the severity
of HSV induced immunopathological lesions may be mainly the consequence of IL-12 driven Th1
T cell reactions rather than the action of IL-17 producing cells controlled by IL-23.
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1. Introduction
Ocular infection with herpes simplex virus (HSV) culminates in immunoinflammatory lesions
in the stroma (stromal keratitis - SK) that is a common cause of human blindness [1].
Understanding the pathogenesis of SK is expected to result in more effective control measures
by targeting critical events. Studies in a mouse model of SK have revealed that many key events
are set off by HSV infection. Among the early events are the production of several cytokines
such as IL-6 and IL-12 [2,3], chemokines such as MCP-1 and MIP-2 [4,5] as well as several
molecules that induce neovascularization of the normally avascular cornea [6]. Past studies by
us and others have shown that IL-12 is upregulated by HSV infection [2,7] and may be involved
in generating IFN-γ producing CD4+ T cells that are thought to be the main orchestrators of
SK lesions [8]. In support of this, animals unable to generate normal IL-12 responses develop
diminished lesions [2]. Currently, the role of the structurally similar IL-23 molecule in the
pathogenesis of SK is not understood. This topic is of interest since several autoinflammatory
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and some anti-microbial inflammatory reactions that were formerly thought to be mainly IL-12/
IFN-γ mediated immunoinflammatory events were subsequently shown to be more the
consequence of responses influenced by IL-23 that promotes the expansion and survival of
pathogenic IL-17 producing T cells [9-11]. Although T cells that produce IL-17 have been
demonstrated in human SK lesions [12] the respective role of Th1 and Th17 pathogenic T cells
as orchestrators of SK is poorly understood. The present report evaluates the role of the IL-23/
IL-17 axis in SK by comparing the outcome of infection in wild-type (WT) to those in mice
unable to generate IL-23 because of p19 knockout. Our results show that HSV infection causes
the upregulation of IL-23 but these results in only minimally detectible CD4/IL-17 producing
responses in the eye. Furthermore lesions were significantly more severe in animals unable to
produce IL-23 making it doubtful if the IL-23/IL-17 axis is mainly responsible for the ocular
inflammatory lesions. In fact, in the absence of p19 more abundant IL-12 and Th1 responses
were evident. We presume it is the IFN-γ producing Th1, rather than Th17 T cells, that are
mainly responsible for mediating SK.

2. Materials and Methods
2.1. Mice

Female C57BL/6 mice, 6 to 7 weeks old, were purchased from Harlan Sprague-Dawley
(Indianapolis, IN). P19 deficient mice were kindly provided by Dr. Nico Ghilardi (Genentech,
Inc., CA). All investigations followed guidelines of the Committee on the Care of Laboratory
Animals Resources, Commission of Life Sciences, National Research Council. The animal
facilities of the University of Tennessee (Knoxville) are fully accredited by the American
Association of Laboratory Animal Care.

2.2. Virus
HSV-l strain RE (kindly provided by Dr. Robert Lausch, University of Alabama, Mobile, AL)
was used in all procedures. Virus was grown in Vero cell monolayers (American Type Culture
Collection, Manassas, VA; Cat. no. CCL81), titrated, and stored in aliquots at -80°C until used.

2. 3. Corneal HSV infection
Corneal infections of all mouse groups were conducted under Avertin deep anesthesia. The
mice were scarified lightly on their corneas with a 30-gauge needle, and a 2 μl drop containing
different plaque-forming units (PFU) of HSV-1 RE was applied to the eye and gently massaged
with the eyelids.

2. 4. Real-time quantitative PCR
The total cellular RNA was isolated from corneas and draining lymph nodes (DLNs) by using
an RNeasy protect mini kit (Qiagen, Valencia, CA) according to the manufacturer’s instruction.
All samples were treated with RNase-free DNase (Qiagen). The extracted RNA was reverse
transcribed using oligo (dt) primers and reverse transcriptase enzyme (Promega, Madison, WI)
according to standard protocol. The cDNA obtained was used as a template for real-time
quantitative PCR and real-time PCR was performed using a QuantiTect SYBR Green PCR kit
(Qiagen). The primers used were murine p19 forward (TGCTGGATTGCAGAGCAGTAA)
and reverse (GCATGCAGAGATTCCGAGAGA). Initially, mRNA levels were normalized to
the GAPDH mRNA level. Briefly, a standard curve was generated using the PCR product of
interested gene cloned into a pCR-XL-TOPO vector (Invitrogen, San Diego, CA). After
spectrophotometric determination of the plasmid DNA concentration, the copy number was
calculated using the following formula: (X g/μl DNA/(plasmid length in bp × 660) × 6.022 ×
1023 = Y molecules/μl). Test samples were run in triplicate with a dilution series and the mean
value of a particular dilution was used. Data are expressed as copy number per sample.
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2. 5. Clinical observations
The eyes were examined on different days after infection for the development of clinical lesions
by slit-lamp biomicroscopy (Kawa Co, Nagoya, Japan), and the clinical severity of keratitis of
individually scored mice was recorded. The scoring system was as follows: 0, normal cornea;
+1, mild corneal haze; +2, moderate corneal opacity or scarring; +3, severe corneal opacity
but iris visible; +4, opaque cornea and corneal ulcer; +5, corneal rupture and necrotizing
stromal keratitis. The severity of angiogenesis was recorded as described previously [6]. In
reference to the angiogenic scoring system, the method relied on quantifying the degree of
neovessel formation based on three primary parameters: 1) the circumferential extent of
neovessels (as the angiogenic response is not uniformly circumferential in all cases); 2) the
centripetal growth of the longest vessels in each quadrant of the circle; and 3) the longest
neovessel in each quadrant was identified and graded between 0 (no neovessel) and 4 (neovessel
in the corneal center) in increments of ∼0.4 mm (radius of the cornea is ∼1.5 mm). According
to this system, a grade of 4 for a given quadrant of the circle represents a centripetal growth of
1.5 mm toward the corneal center. The score of the four quadrants of the eye were then summed
to derive the neovessel index (range, 0 to 16) for each eye at a given time point.

2. 6. Cytokine assay
For cytokine (IFN-γ, IL-12p35, IL-12p40) assay, splenocytes from mice were suspended in
10% RPMI-1640, and 106 cells in 1 ml were stimulated in vitro with irradiated syngeneic-
enriched naïve splenocytes pulsed with UV-inactivated HSV (MOI, 1.5 before UV
inactivation). Similar number of cells was Con A-stimulated (5 μg/106 cells/ml) in 96-well
plates. Plates were incubated at 37°C for 72 h. The supernatant fluid was collected and stored
at -80°C until use. These supernatants were screened for the presence of individual cytokines
by enzyme-linked immunosorbent assay (ELISA).

2. 7. Flow cytometric analysis
Single-cell suspensions were prepared from the SK corneas or lymphoid organs (spleen and
DLNs). For the preparation of corneal samples, four corneas per group were dissected, pooled
together, and digested with 60 U/ml Liberase (Roche Diagnostics, Alamenda, CA) for 60 min
at 37°C in a humidified atmosphere of 5% CO2. After incubation, the corneas were disrupted
by grinding with a syringe plunger on a mesh and a single-cell suspension was made in complete
RPMI 1640 medium. Next, the single-cell suspensions obtained from corneal or lymphoid
samples were stained for FACS. Briefly, single cells were first blocked with an unconjugated
anti-CD32/CD16 mAb (BD Biosciences, San Jose, CA) for 15 min at 4°C in FACS buffer and
stained by anti-CD4-APC, anti-CD8-PerCp, CD11c-PerCp, or CD11b-APC antibody (BD
Biosciences) for 30 min. Cells were fixed and permeabilizied using Cytofix/Cytoperm (BD
Biosciences) solution for approximately 30 minutes, followed by washing with perm washing
solution. Intracellular staining was done with anti-IFN-γ-PE, anti-IL-12-PE, or anti-IL-17-PE
antibody (BD Biosciences) for 30 minutes on ice and washed twice with perm wash. Finally,
the cells were washed with FACS buffer and samples were acquired on a FACScan (BD
Biosciences). The data were analyzed using the CellQuest 3.1 software (BD Biosciences).

2. 8. Protein quantification of corneal or lymphoid organs lysates by ELISA
The lysates from HSV infected cornea or lymphoid organs (spleen and DLNs) were used for
the measurement of IFN-γ, IL-12, IL-23, or TGF-β by a standard sandwich ELISA protocol.
For preparation of sample lysates, four corneas or lymphoid organs/time point (n = 4) were
collected and minced with liquid nitrogen. Minced pieces were collected in 1 ml of DMEM
without FCS and homogenized using an ultra sonicater (Heat systems-Ultrasonics, NY). The
lysates were then clarified by centrifugation at 12,000 rpm for 5 min at 4°C. The supernatant
was collected and stored at -80°C till further use. The ELISA plate was coated with anti-mouse
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capture antibody (100 μl/well of the capture antibody at various concentrations, BD
Biosciences) and incubated at 4°C overnight. The plate was washed with 0.05% tween20/PBS
and blocked with 3% BSA for 2 h at 37°C. After washing, serially diluted lysates were added
to the plate and incubated at 4°C overnight. The plate was washed and then incubated with
biotinylated detection antibody (BD Biosciences) for 2 h. Finally, peroxidase-conjugated
streptavidin (Jackson ImmunoResearch Laboratory, PA) was added. The color reaction was
developed using ABTS (Sigma-Aldrich, St. Louis, MO) and measured with an ELISA reader
(Spectramax 340; Molecular Devices, Sunnyvale, CA) at 405 nm. Quantification was
performed with Spectramax ELISA reader software version 1.2.

2. 9. Virus recovery and titration
Swabs of the corneal surface were collected at various time points post infection (p.i.). The
swabs were put into sterile tubes containing 600 μl serum free DMEM with 10 international
units (IU) penicillin/ml and 100 μg streptomycin (Life Technologies, Grand Island, NY)/ml
and were stored at -80°C. For detection and quantification of virus, the samples were thawed
and vortexed. Individual subsamples (200 μl each sample) were diluted further, and viral titers
were determined by a plaque assay performed on Vero cells as described elsewhere [13].

2. 10. Statistical analysis
Significant differences between groups were evaluated by using the Student’s t test. P < 0.05
was regarded as a significant difference between two groups. Results are expressed as mean ±
standard error.

3. Results
Expression of IL-23 after HSV-1 infection

WT C57BL/6 mice were infected with HSV-1 (5 × 105 PFU) and at various times p.i. were
killed to determine the levels of p19 mRNA by quantitative real-time PCR in both corneal and
DLNs RNA samples. As is shown in Fig.1A, minimal or undetectable mRNA levels of p19
were present in naïve corneas or lymph nodes, but by day 2 p.i. abundant levels of IL-23 mRNA
were detected. In other experiments, IL-23 protein levels were quantified in corneal extracts
as well as extracts of lymphoid organs by ELISA in animals infected with different doses of
virus (5 × 103, 5 × 104, 5 × 105 PFU). Peak levels were found with the highest dose used for
infection (Fig. 1B). These results indicate that IL-23 is up-regulated by HSV infection and
could perhaps participate in the immunopathogenesis of herpetic SK.

The absence of IL-23 production results in more severe disease
The expression of disease was compared in WT and p19-/- mice at various times p.i. upon
infection with different doses of virus (5 × 103, 5 × 104, 5 × 105 PFU). At high doses of virus
used for infection (5 × 104 and 5 × 105 PFU) disease severity in both WT and p19-/- animals
was of similar magnitude (Fig. 2A). However, at a low dose of infection (5 × 103 PFU) highly
significant differences were observed in the susceptibility of WT and p19-/- animals. In the
latter, more eyes developed lesions and the mean severity scores of both angiogenesis and SK
lesions were significantly more severe than in WT animals (P < 0.05, Fig. 2B). Lesions also
occurred slightly earlier in p19-/- animals. Overall an average result of three separate
experiments reveal that 80% of p19-/- developed SK of 3 or greater where as only 33% of WT
animals developed such severity (Fig. 2C). Thus the failure to generate an IL-23 response
results in more severe lesions at least at minimal doses of infection.

As the presence of replicating virus may contribute to lesion severity, we compared the levels
of virus in the eye swabs collected from both groups of animals at different time points. As is
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evident in Fig. 2D, virus clearance occurred earlier in the corneas of p19-/- as compared to WT
animals (p < 0.05). Thus although lesions were more severe in p19-/- animals virus was cleared
from the epithelium earlier than in WT.

P19-/- animals develop more severe Th1 immune response
In an attempt to explain why p19-/- mice showed more severe responses than WT animals, we
infected both groups with the low dose of virus (5 × 103 PFU) and lymphoid samples were
collected at day 20 post infection to compare the magnitude of the HSV specific T cell
responses. This was done by stimulating T cells with antigen and comparing the induced
cytokine response by ELISA. As shown in Fig. 3A, splenocytes from p19-/- mice produced
significantly higher (p < 0.05) levels of IFN-γ as compared to WT controls. Similarly, although
no difference was observed in the production of p40 subunit, the IL-12p35 level was
significantly higher in p19-/- as compared to WT (p < 0.05). These results may mean that in
the absence of p19 the Th1 type of immune response is increased.

To determine which cell populations contribute to the Th1 type immune response against HSV,
isolated splenocytes from both groups having SK lesions were stimulated with anti-CD3 and
anti-CD28 to analyze cytokine production. As assessed by intracellular cytokine staining assay,
the percentage and absolute number of IFN-γ expressing CD4+ T cells as well as IFN-γ
expressing CD8+ T cells was significantly higher (p < 0.05) in p19-/- mice as compared to WT
control animals (Fig. 3B). Similar results were also obtained when cells were stimulated with
syngeneic naive splenocytes pulsed with HSV (Fig. 3C). In addition, we also compared the
numbers of IL-12 producing cells in the infected DLNs and spleen in the two groups of animals.
As shown in Fig. 4A, higher numbers of IL-12 expressing cells were noted in the p19-/- animals
as compared to WT. The majority of cells producing IL-12 were found to be CD11c+

CD11b- (Fig. 4B). Total cell numbers in the DLNs and spleen of p19-/- were marginally
increased as compared to WT animals (not shown) indicating that relative population of IFN-
γ or IL-12 expressing cell types were greater in lymphoid organs of p19-/- animals. Thus these
data indicate that p19-/- mice generated a greater Th1 type of immune response than did WT
animals.

The nature of the response in p19-/- and WT corneas was also measured using corneas isolated
from the infected animals of both the groups. As shown in the Fig. 5A, the protein levels of
IFN-γ and IL-12 were significantly higher in the lysates of p19-/- corneas as compared to WT
at day 20 p.i. (p < 0.01). We next determined the number of IFN-γ expressing cells in the
collagenase digested corneas of each group. As shown in Fig 5B, there was approximately two
and four fold increase in the total number of IFN-γ producing cells in the p19-/- corneas after
anti-CD3 and CD28 stimulation at day 10 and day 20 respectively as compared to WT. Such
IFN-γ producing cell types in SK corneas were mainly CD4+ T cells confirming that
pathogenesis of herpetic SK is contributed by Th1 type CD4+ T cells (Fig. 5C). Similarly, the
numbers of IL-12 producing cells were also higher in p19-/- corneas as compared to WT
controls (Fig. 5B). Total cell numbers in the SK cornea of p19-/- mice were also greater than
those of WT mice at day 10 and 20 p.i. (Fig. 5D) suggesting both absolute numbers and
frequencies of such cells in the corneas of p19-/- animals were higher as compared to WT
animals. These data indicate that the p19-/- mice generated a more abundant Th1 type of
immune response in the corneas than WT.

P19-/- mice develop less Th17 immune response
Previous studies showed that IL-23 expands a pathogenic CD4+ T cell population that produces
IL-17 and contributes to inflammation [9]. To record such an effect, isolated splenocytes, DLN
cells, and corneal cells from both groups having SK lesions were stimulated with anti-CD3
and anti-CD28 to analyze IL-17 production. As assessed by intracellular cytokine staining
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assay, comparable and little levels of IL-17-producing CD4+ T cells were observed in the
spleen, DLNs, and corneas of both p19-/- and WT mice at day 10 post infection (data not
shown). At day 20 post infection, however, higher levels of IL-17-producing CD4+ T cells
were observed in the SK cornea, spleen, and DLNs of WT compared to p19-/- mice (Fig. 6A).
Since TGF-β is critical for the induction of Th17 cells [14], we measured the protein levels of
TGF-β in the corneas and lymphoid tissues of p19-/- and WT animals. We could not find
significant differences in the TGF-β levels in the naïve and infected p19-/- animals corneas as
compared to WT. Interestingly, significantly higher levels of TGF-β was found in the cervical
DLNs but not the spleens of p19-/- animals at 5 days p.i. (Fig. 6B). These data indicate that
IL-23 is needed for the maintenance of the Th17 cells post infection.

4. Discussion
In many immunoinflammatory lesion events thought formerly to represent the consequences
of IL-12 controlled IFN-γ producing Th1 type T effector cells were subsequently shown to be
more the consequence of pathologic CD4+ T cells that produce IL-17 [11]. The differentiation
and expansion of the latter was influenced by IL-23 rather than IL-12. We, and others, had
shown the relevance and importance of IL-12 and IFN-γ producing CD4+ T cells in the
orchestration of HSV induced inflammatory reactions in the cornea [1,2,8,15,16], but any role
for Th17 mediated events had not been studied. The present investigation shows that ocular
infection does result in IL-23 induction but the extent of the ocular Th17 response in the cornea
was very limited. Furthermore, we observed that the severity of HSV induced SK lesions were
in fact more severe than in WT animals if mice were unable to generate IL-23 because of p19
knockout. Thus in this viral-induced immunopathological reaction, SK lesions would appear
to be mainly orchestrated by Th1 cells as advocated by several groups prior to our knowledge
about the existence of the IL-23/IL-17 axis of inflammatory disease mediation.

The evidence that the IL-12/IFN-γ and IL-23/IL-17 IL represent separate mechanisms of cell
mediated tissue damage appears now to be well accepted [9,11,17,18]. In fact, based on the
use of knockout animals, as well as approaches using in vivo cytokine neutralizing antibodies,
the trend has usually been to show that lesions assumed to represent the consequence of IL-12/
IFN-γ mediated events in fact primarily involved IL-23/IL-17 mediated mechanisms. This has
been shown true for several autoimmunities and some inflammatory reactions against microbes
[10,11,17]. Reasons why one type of inflammatory reaction prevails over another are usually
not available. However, with some microbes and some purified microbial products more
effective induction of IL-23 compared to IL-12 has been show to occur. This happens with
Bordetella pertussis [19] as well as with stimulation by peptidoglycan from Staphylococcus
aureus [20]. In addition, various toll-like receptor (TLR) ligands were shown to differentially
stimulate IL-12 and IL-23 production from dendritic cells (DCs) [21,22]. HSV has been shown
to possess both TLR2 and 9 ligand activity [23] and in addition causes the release of endogenous
TLR ligands such as hsp70 from infected cells [24,25]. One or more of these TLR ligands could
stimulate IL-12 and IL-23 production differentially in SK corneas. We are currently attempting
to compare the relative IL-12/IL-23 inducing capacity of HSV, infected cell extracts and known
TLR ligands in various cell types derived from the eye. We anticipate that HSV may be a better
inducer of IL-12 than IL-23 and that the resultant IFN-γ response from innate cells, that includes
neutrophils [26], may serve to suppress any concomitant Th17 responses. Such suppression of
Th17 responses by IFN-γ has been shown to occur in vitro [27]. Moreover, HSV may also be
a weak inducer of TGF-β which appears to act as a cofactor for Th17 development [28]. In our
current study, there was no significant increase in the TGF-β levels in the WT corneas post
infection. Additionally, we did not find any significant difference in the levels of TGF-β in the
corneas of p19-/- animals as compared to WT animals. Taken together these events may explain
the minimal Th17 response in the eye during HSV induced immunopathology, and such ideas
are being further investigated.
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Arguing forcefully against a major role for IL-23/Th17 induced tissue damage in the SK system
was the observation that without the ability to produce IL-23 because of p19-/-, lesions were
more severe than in WT. In preliminary results, we have also confirmed the previous
observation of the Ghiasi group [2] that corneal scarring becomes less severe in animals unable
to make IL-12 because of p35-/-. Moreover, animals unable to respond to IL-12 because of
STAT4 knockout develop only mild lesions of SK [29]. The reasons for the enhanced pathology
in p19-/- animals appeared to be associated with the increased IL-12/IFN-γ response that
occurred in such animals. These enhanced responses were noted both in the spleen as well as
in ocular inflammatory sites. The better IFN-γ-producing CD4+ T cell response likely
accounted for the more severe SK lesions in p19-/- animals. Presumably in the absence of p19
more of the available p40 subunit may be able to dimerize with p35 subunit leading to more
IL-12 production. Such a finding was also suggested to the observation of Becker et al [22] in
an experimental colitis model wherein p19-/- animals were shown to develop more severe
colitis than the intact animals. They also observed elevated levels of IL-12 production and the
reversal of the phenotype by administration of blocking antibody to the p40 subunit.

In our model, p19-/- animals also cleared the infecting virus more promptly presumably
because of the enhanced production of IFN-γ in p19-/- compared to WT animals. Furthermore,
greater numbers of CD11c+CD11b+ cells as well as CD11c+CD11b- cells were also observed
in the ocular tissues of p19-/- animals compared to WT (data not shown). Such cells may be
myeloid and plasmacytoid DCs respectively, an abundant source of IFN-α which also might
explain the more rapid clearance of virus from the eyes of p19-/- animals [30].

In summary, our results make the case that SK remains a disease whose mechanism of tissue
damage appears to be mainly the consequence of an IL-12 influenced Th1 IFN-γ producing
type of T cell rather than by a pathogenic Th17 producing mechanism. The latter likely plays
only a minor role but this might synergize with the Th1 pathogenic response as has been
suggested to occur in EAE model [31]. We are currently attempting to confirm our observations
using adoptive T cell transfer approaches with in vitro generated Th1 and Th17 specific cells
along with evaluating the effects of inhibition studies with specific anti-sera. Understanding
the mechanisms is considered important as it could impact on measures used to control this
important tissue damaging disease process.
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Figure 1. Expression of IL-23p19 mRNA and protein in the corneas and lymphoid organs after
HSV-1 ocular infection
(A) WT mice were infected with 5 × 105 PFU of HSV-1 on their scarified corneas. At different
time points, mRNA was extracted from the corneas and DLNs, and reverse transcribed into
cDNA. Kinetic expression of IL-23p19 mRNA was measured by real-time PCR. Test samples
were run in triplicate with a dilution series and the mean value of a particular dilution was used.
Data are expressed as copy number per sample. (B) WT mice (n = 3) were ocularly infected
with different doses of virus (5 × 105, 5 × 104, 5 × 105 PFU) and levels of IL-23 protein were
estimated from lysate supernatants of corneas, DLNs, or spleen of mice by an antibody capture
ELISA as described by materials and methods.
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Figure 2. IL-23p19-/- mice have higher SK lesion severity, incidence, ocular angiogenesis, and
enhanced viral clearance
Corneas of IL-23p19-/- and WT mice (n = 4) were infected with various doses of HSV-1 (5 ×
103, 5 × 104, 5 × 105 PFU), and the levels of SK severity and neovascularization were measured
in the corneas by biomicroscopy in groups of p19-/- (●) and WT (○) mice. (A) SK lesion
severity and angiogenesis scoring was conducted on day 18 p.i.. Results are representative of
one of three independent experiments. Statistically significant differences in SK and
angiogenic score were observed between the groups (** p < 0.01). (B) Stromal lesion severity
and angiogenesis in IL-23p19-/- and WT mice (n = 4) infected with low dose of HSV-1 (5 ×
103 PFU) were measured at different time intervals. Results are representative of three
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independent experiments. Statistically significant differences in SK and angiogenic score were
observed between the groups (* p < 0.05, ** p < 0.01). Images were taken by stereomicroscopic
imaging system at day 19 after virus infection (original magnification, × 40). (C) The incidence
of clinical SK lesions was considered as over score 2 at day 14 p.i.. (D) Infectious virus titers
were compared in the different mice groups (n = 4) following virus infection with 5 × 103 PFU.
At days 4 and 6 p.i., swabs of the corneal surface were collected and were put into serum free
DMEM with antibiotics. Individual samples were diluted further, and viral titers were
determined by a plaque assay performed on Vero cells as described materials and methods.
Statistically significant differences in number of virus on the cornea (* p < 0.05) were observed
between the groups.
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Figure 3. Increased Th1 type immune responses in the spleen of IL-23p19-/- mice after HSV-1
infection
(A) At day 20 p.i. (5 × 103 PFU/eye), spleen cells of the different mice groups were used in
antigen specific ELISA. For cytokine ELISA assay, splenocytes from mice were sampled,
suspended, and stimulated with irradiated syngeneic-enriched naïve splenocytes pulsed with
UV-inactivated HSV (MOI, 1.5) at 37°C for 72 h. Levels of individual cytokines were
estimated from supernatant fluid by an antibody capture ELISA as outlined in materials and
methods. Statistically significant differences in levels of individual cytokines (* p < 0.05, **
p < 0.01) were observed between the groups. At day 10 and 20 p.i., splenocytes of the different
mice groups (n = 4) were used in intracellular cytokine staining assay. For intracellular cytokine
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staining assay, isolated spleen cells from both groups having SK lesions were stimulated with
anti-CD3 and anti-CD28 (B) or stimulated with syngeneic naïve splenocytes pulsed with HSV
(C) for 16 h. Single cells were extracellularly stained with anti-mouse CD4 (APC) and CD8
(PerCp) antibody and then intracellularly stained with anti-mouse IFN-γ PE antibody. Values
shown in each graph reflect the percentage or number of spleen cells expressing IFN-γ.
Statistically significant differences were observed between the groups (* p < 0.05, ** p < 0.01).
Results are representative of two independent experiments.
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Figure 4. Increased population and number of IL-12 expressing cells in the lymphoid organs of
p19-/- mice after HSV-1 infection
At day 10 and 20 p.i., splenocytes or DLNs cells of the different mice groups (n = 4) were used
in intracellular cytokine staining assay. Isolated splenocytes or DLNs cells from both groups
having SK lesions were stimulated with anti-CD3 and anti-CD28 for 16 h. Single cells were
extracellularly stained with anti-mouse CD11b (APC) and CD11c (PerCp) antibody and then
intracellularly stained with anti-mouse IL-12 PE antibody (A and B). Values shown in each
graph reflect the percentage or absolute number of spleen cells expressing IL-12.
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Figure 5. Increased Th1 type immune responses in the SK corneas of p19-/- mice
At day 20 p.i., 6 corneas/group that were infected with 5 × 103 PFU HSV-1 were processed to
measure the IFN-γ or IL-12 cytokine levels (A). Levels of individual cytokines were estimated
from supernatants of corneal lysates of mice by an antibody capture ELISA as outlined in
materials and methods. Statistically significant differences in levels of cytokines (** p < 0.01)
were observed between the groups. Alternatively, isolated corneal cells from both groups
having SK lesions (10 and 20 post infection) were stimulated with anti-CD3 and anti-CD28
for 16 h. Single cells were extracellularly stained with anti-mouse CD4 APC antibody and then
intracellularly stained with anti-mouse IFN-γ or IL-12 PE antibody (B and C). Cells were gated
on lymphocytes and values shown in each plot represent the percentage of CD4+ T cells
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expressing IFN-γ (C). At day 10 and 20 p.i., total cell numbers of collagenase digested cornea
of the different mice groups (n = 6) were measured (D). Statistically significant differences in
the absolute cell numbers of SK cornea (* p < 0.05, ** p < 0.01) were observed between the
groups.
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Figure 6. Decreased Th17 immune response in p19-/- mice after HSV-1 infection
At day 20 p.i., splenocytes, DLN cells, and corneal cells from WT and p19-/- mice having SK
lesions were stimulated with anti-CD3 and anti-CD28 for 16 h. Single cells were extracellularly
stained with anti-mouse CD4 APC antibody and then intracellularly stained with anti-mouse
IL-17 PE antibody. Cells were gated on lymphocytes and values shown in each plot represent
the percentage of cells expressing IL-17 (A). Data are representative of two similar
experiments. At day 5 and 9 p.i., DLNs, spleen, and 6 corneas/group that were infected with
5 × 103 PFU HSV-1 were processed to measure the TGF-β cytokine levels (B). Levels of TGF-
β were estimated from supernatants of each tissue’s lysates of mice by an antibody capture
ELISA as outlined in materials and methods.
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