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A hallmark of infection with herpes simplex virus type 1 (HSV-1) is the establishment of latency in ganglia
of the infected individual. During the life of the latently infected individual, the virus can occasionally
reactivate, travel back to the eye, and cause recurrent disease. Indeed, a major cause of corneal scarring (CS)
is the scarring induced by HSV-1 following reactivation from latency. In this study, we evaluated the relation-
ship between the amount of CS and the level of the HSV-1 latency-associated transcript (LAT) in trigeminal
ganglia (TG) of latently infected mice. Our results suggested that the amount of CS was not related to the
amount of virus replication following primary ocular HSV-1 infection, since replication in the eyes was similar
in mice that did not develop CS, mice that developed CS in just one eye, and mice that developed CS in both
eyes. In contrast, mice with no CS had significantly less LAT, and thus presumably less latency, in their TG
than mice that had CS in both eyes. Higher CS also correlated with higher levels of mRNAs for PD-1, CD4,
CD8, F4/80, interleukin-4, gamma interferon, granzyme A, and granzyme B in both cornea and TG. These
results suggest that (i) the immunopathology induced by HSV-1 infection does not correlate with primary virus
replication in the eye; (ii) increased CS appears to correlate with increased latency in the TG, although the
possible cause-and-effect relationship is not known; and (iii) increased latency in mouse TG correlates with

higher levels of PD-1 mRNA, suggesting exhaustion of CD8* T cells.

Herpes simplex virus type 1 (HSV-1) infections of the eye
are among the most prevalent serious viral eye infections in
developed countries. Estimates of the incidence of herpes oc-
ular-disease episodes in these countries indicate up to 21 cases
per 100,000 individuals (41, 68). In the United States, approx-
imately 500,000 people have a history of recurrent ocular HSV
necessitating doctor visits, medication, and, in severe cases,
corneal transplants. It is estimated that 70 to 90% of American
adults have antibodies to HSV-1 and/or HSV-2 and thus har-
bor latent herpesvirus infection and that 25% of these individ-
uals have clinical symptoms upon routine clinical inquiry, with
HSV-1 being responsible for greater than 90% of ocular HSV
infections (13, 40, 41, 54, 55).

HSV infection generally begins at a mucosal surface. The
virus can then move to the ganglionic sensory neurons and
establish a latent infection that persists during the lifetime of
the individual (20). Throughout the life of a latently infected
individual, the virus has the potential to reactivate and travel
back to the eye, causing recurrent disease. Indeed, reactivation
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of latent HSV-1 is a major cause of corneal scarring (CS) (4,
16), and this may correlate with the load of latent virus in the
trigeminal ganglia (TG) (12, 58).

It is well established that HSV-1-induced eye disease, and
thus HSV-1-induced corneal blindness, is the result of immune
responses triggered by the virus (6, 19, 34, 47). Consistent with
this, patients with enhanced immune responses develop the
worst clinical manifestations of herpetic stromal disease (14,
59). However, the exact identity of the immune responses,
including the fine specificity of the potentially harmful effector
T cells expressing classic T-cell receptor a3 antigen receptors,
which leads to CS, remains an area of intense controversy (2,
35, 69). It is thought that the preexisting inflammatory immune
responses may contribute to the damaging effects that are
manifested during recurrent infections. This would explain why
CS in humans is much more likely to occur following recurrent
ocular HSV infections rather than upon primary infections (8,
19, 20).

In this study, we sought to determine if the severity of CS in
mice ocularly infected with HSV-1 is associated with (i) in-
creased virus replication in the eye during primary infection;
(ii) the load of latent virus, as determined by the amount of
latency-associated transcript (LAT); and (iii) increased levels
of various immune-related mRNAs in TG and/or corneas (as
determined by TagMan reverse transcription [RT]-PCR). To
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address these questions, we examined the corneas and TG of
mice that survived for 30 days postinfection and compared the
results obtained from mice that had not developed CS in either
eye to those that had developed severe CS in both eyes. Our
results suggest a strong correlation among the severity of eye
disease, the load of latent virus in the TG, and the amount of
PD-1 (programmed death 1) mRNA in TG. PD-1 is associated
with exhaustion (inactivation) of CD8" T cells, suggesting the
possibility that increased PD-1 levels might result in decreased
functional CD8™ T cells at the site of latency, thus resulting in
more latent virus.

MATERIALS AND METHODS

Virus and cells. Plaque-purified HSV-1 McKrae, a neurovirulent HSV-1
strain, was grown in rabbit skin (RS) cell monolayers in minimal essential me-
dium containing 10% fetal calf serum, as described previously (29).

Mice. BALB/cJ (female; 6-week-old) mice were obtained from the Jackson
Laboratory (Bar Harbor, ME). The animals were handled in accordance with the
Association for Research in Vision and Ophthalmology statement for the Use of
Animals in Ophthalmic and Vision Research. The mice were infected with 1 X
10° PFU of HSV-1 McKrae per eye, administered as a 2-ul eye drop without
corneal scarification.

Evaluation of CS. Clinical eye disease patterns were determined by examining
the eyes of the mice on day 28 postinfection. HSV-induced CS (epithelial ker-
atitis) was evaluated by slit lamp biomicroscopy using 1% fluorescein stain. The
magnitude of stromal disease was scored as 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 3.5, or
4, with 0, 1, 2, 3, and 4 representing no disease and disease involving 25, 50, 75,
and 100% of the corneal surface, respectively.

Analysis of replication and clearance of HSV-1 from the eye. Eyes were
swabbed once daily on days 1, 3, and 5 post-ocular infection with a Dacron swab
(Spectrum type 1). The swab was transferred to a 12- by 75-mm culture tube
containing 1 ml of medium, frozen, and thawed, and the virus titers were deter-
mined using standard plaque assays on RS cells.

RNA extraction, cDNA synthesis, and TagMan RT-PCR. Corneas and TG
from individual mice that survived ocular infection were collected on day 30
postinfection, immersed in RNAlater RNA stabilization reagent, and stored at
—80°C until they were processed. Tissue processing of corneas and TG, total-
RNA extraction, and RNA yield were carried out as we have described previ-
ously (48, 49). Following RNA extraction, 1,000 ng of total RNA was reverse
transcribed using random hexamer primers and murine leukemia virus reverse
transcriptase from the High Capacity cDNA Reverse Transcription kit (Applied
Biosystems, Foster City, CA), in accordance with the manufacturer’s recommen-
dations.

The differences in the expression levels of LAT (stable 2-kb LAT intron), CD4,
CD8, F4/80, CD11b, CD11c, CD45RO, interleukin-2 (IL-2), IL-4, gamma inter-
feron (IFN-y), lymphotoxin (LT), granzyme A (GzmA), GzmB, and PD-1 RNAs
were evaluated using custom-made TagMan Gene Expression primers described
below. F4/80 was used as an estimate of the presence of macrophages in the
corneas and TG, while CD11b was used to estimate the presence of granulocytes,
macrophages, myeloid-derived dendritic cells, natural killer cells, microglia, and
B-1 cells. Relative copy numbers for the LAT were calculated using standard
curves generated from the plasmid pGEMS5317. In all experiments, GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) was used for normalization of
transcripts.

The expression levels of the various transcripts were evaluated using commercially
available TagMan Gene Expression Assays (Applied Biosystems, Foster City, CA)
with optimized primer and probe concentrations. Primer-probe sets consisted of two
unlabeled PCR primers and the 6-carboxyfluorescein (FAM) dye-labeled TagMan
MGB probe formulated into a single mixture. Additionally, all cellular am-
plicons included an intron-exon junction to eliminate signal from genomic-
DNA contamination. The assays used in this study were as follows: (i) CD4,
ABI assay identifier (ID) Mm00442754_m1, amplicon length = 72 bp; (ii)
CD8 (« chain), ABI assay ID Mn01182108_m1, amplicon length = 67 bp; (iii)
IFN-vy, ABI assay ID Mm00801778_m1, amplicon length = 101 bp; (iv)
GzmA, ABI assay ID Mm00439190_m1, amplicon length = 77 bp; (v) GzmB,
ABI assay ID Mm00442834_m1, amplicon length = 95 bp; (vi) IL-2, ABI
assay ID MmO00434256_m1, amplicon length = 82 bp; (vii) IL-4, ABI assay ID
MmO00445259_m1, amplicon = 79 bp; (viii) CD11b (IntegrinaM), ABI assay
ID Mm00434455_m1, amplicon length = 69 bp; (ix) CD1lc (IntegrinaX),
ABI assay ID Mm00498698_m1, amplicon length = 61 bp; (x) F4/80 (Emrl,
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TABLE 1. Correlations of RNA levels in the TG and corneas of
mice with increased CS*

Correlation with CS of increased

RNA transcript levels in:

TG Cornea
LAT Yes® Not detected
1L-2 No Yesb
1L-4 Yes? Yes®
IFN—‘y No Yes©
CD4 YCSb Yesb
CD8 Yes® Yes?
F4/80 Yes? Yes®
CDI11b Yes® No
CDl1l1c No Yes¢
CD45RO No Yes©
GzmA Yes© Yes¢
GzmB Yes© Yes©
PD-1 Yes© Not done

“ Statistical analyses were performed using Spearman’s coefficient of rank
correlation as described in Materials and Methods. Yes means that there was a
statistically significant correlation between increased levels of the RNA tran-
scripts and mice having CS in both eyes (rather than no CS in both eyes). No
means no correlation.

b Correlations were significant at a P value of <0.05.

¢ Correlations were significant at a P value of <0.01.

EGF-like module containing mucin-like hormone receptor-like sequence 11),
PD-1 (also known as CD279), ABI assay ID Mm00435532_m1, amplicon
size = 65 bp; and (xi) GAPDH, ABI assay ID Mm999999.15_G1, amplicon
length = 107 bp.

Additionally, custom-made primer and probe sets were used as follows: (i)
HSV-1 LAT, forward primer (5'-GGGTGGGCTCGTGTTACAG-3'), reverse
primer (5'-GGACGGGTAAGTAACAGAGTCTCTA-3'), and probe (5'-FAM-
ACACCAGCCCGTTCTTT-3"), amplicon length = 81 bp, and (ii) CD45RO
(three of seven exons), forward primer (5'-TTTGTCACAGGGCAAACACCT
A-3"), reverse primer (5'-GCAGTCATGTAGCGAAAACTTGT-3"), and probe
(5'-FAM-CACCCAGTGATGGGACTG-3"), amplicon length = 63 bp.

Quantitative real-time PCR was performed using an ABI Prism 7900HT Se-
quence Detection System (Applied Biosystems, Foster City, CA) in 384-well
plates as we described previously (48, 49). Real-time PCR was performed in
triplicate for each tissue sample. The threshold cycle values, which represent the
PCR cycle at which there is a noticeable increase in the reporter fluorescence
above baseline, were determined using SDS 2.2 software.

Statistical analysis. Data are presented as the mean and standard error, unless
otherwise indicated. Prior to analysis, all continuous data were assessed for
normality of distribution using the Kolmogorov-Smirnov test. A two-sided Stu-
dent’s ¢ test or Wilcoxon rank sum test was used, as appropriate, to test for
significant differences between animals with and without CS. To assess the
relationship of CS (an ordinal variable on a scale of 0 to 5) with the LAT copy
number and the various outcome measures (Table 1), the nonparametric Spear-
man’s coefficient of rank correlation (r,) was calculated. A P value of <0.05 was
the criterion for significance. All analyses were performed using the SAS statis-
tical software package, version 9.1 (SAS Institutes Inc., Cary, NC).

RESULTS

Severity of CS after ocular infection of mice with HSV-1.
Two hundred mice from two separate experiments (100 mice/
experiment) were infected ocularly with 1 X 10° PFU/eye of
HSV-1 strain McKrae. Tear films were collected from all in-
fected mice on days 1, 3, and 5 post-ocular infection for de-
termination of virus replication in the eye. On day 30 postin-
fection, 63 of the 200 (31%) infected mice had survived ocular
infection. The eyes of the surviving mice were evaluated for CS
and its severity. We found that (i) 10 mice had no CS in either
eye, (ii) 33 mice had CS in one eye, and (iii) 20 mice had CS in
both eyes. As would be expected, the average CS score for mice
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FIG. 1. CS and virus replication in infected mice. (A) CS in ocu-
larly infected mice. Mice were ocularly infected with HSV-1, and on
day 30 postinfection, the surviving mice were evaluated for the pres-
ence or absence of CS and the severity of the CS. Based on the
presence of CS, the mice were separated into three groups: those with
no CS (n = 20 eyes), those with CS in one eye (n = 66 eyes), and those
with CS in both eyes (n = 40 eyes). The CS score represents the
average severity score for CS * standard error of the mean (SEM) for
each group. (B) Virus replication in eye swabs from surviving mice.
Tear films were collected from the infected mice on days 1, 3, and 5
postinfection. The virus titers in the eye swabs that had been obtained
from the mice that survived were determined by standard plaque
assays. Each point represents the mean titer of 20, 66, and 40 eyes from
two separate experiments = SEM for the groups with no CS, CS in one
eye, and CS in both eyes, respectively.

with CS in both eyes was significantly higher than for mice with
CS in one eye (Fig. 1A) (P < 0.0001), and the CS score in mice
with no CS in either eye was lower than that of either of the
other groups (Fig. 1A) (P < 0.0001). Thus, we were able to
establish at least three classes of HSV-1-associated eye disease
in BALB/c mice.

Lack of correlation of virus replication in mouse tears with
severity of CS. The virus titers in the tear films that had been
collected on days 1, 3, and 5 post-ocular infection from the 63
surviving mice were determined using plaque assays on RS
cells. There were no significant differences among the virus
titers in the tear films of mice with CS in both eyes, one eye, or
neither eye (Fig. 1B) (P > 0.05). Thus, it appeared that there
was no direct correlation between acute virus replication in the
eye on day 1, 3, or 5 postinfection and the severity of CS 30
days postinfection.
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FIG. 2. Detection of LAT in TG of latently infected mice. TG were
harvested from the latently infected surviving mice, as described in the
legend to Fig. 1, at day 30 postinfection. Quantitative RT-PCR was
performed on the TG of the individual mice. In each experiment, an
estimated relative copy number of LAT was calculated using standard
curves generated from pGem-5317. Briefly, the DNA template was
serially diluted 10-fold so that 5 wl contained from 10° to 10'! copies
of LAT and then subjected to TagMan PCR with the same set of
primers. By comparing the normalized threshold cycle of each sample
to the threshold cycle of the standard, the copy number for each
reaction was determined. GAPDH expression was used to normalize
the relative expression of LAT in the TG. Each point represents the
mean = standard error of the mean for mice with no CS (n = 10), CS
in one eye (n = 33), and CS in both eyes (n = 20).

Correlation between severity of CS and LAT RNA levels in
the TG. Clinically, HSV-1-induced eye disease is usually a
recurrent disease and hence is associated with viral reactiva-
tion in the TG and the return of virus to the cornea. It is well
established that LAT plays an important role in HSV-1 reac-
tivation in animal models of ocular HSV-1 infection (12, 23, 57,
58, 66). During HSV-1 neuronal latency, only the LAT is
consistently expressed at high levels (21, 57). In this study, we
sought to determine whether the severity of CS correlated with
a higher load of latent virus in the TG, as judged by LAT
expression levels. After euthanization on day 30, the corneas
and TG from the surviving mice were harvested, and the levels
of LAT were determined by TagMan RT-PCR performed on
the total RNA isolated from the two pooled TG from each
individual mouse and on the two pooled corneas from each
individual mouse. The amount of LAT RNA detected in the
TG of mice with no CS was significantly smaller than the
amount detected in the TG of mice that had CS in both eyes
(Fig. 2) (P = 0.002). In addition, the severity of CS in mice
having CS in both eyes was significantly associated with LAT
copy numbers (r, = 0.65; P < 0.001). These results showed a
correlation between the severity of CS and the level of LAT
RNA in TG. In contrast, no LAT RNA or viral DNA was
detected in the corneas of any mice at this time (not shown),
suggesting that HSV-1 does not establish latency in mouse
corneas.

Although the amounts of LAT RNA in the TG of mice with
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CS in one eye appeared to be greater than in mice with no CS
and less than in mice with CS in both eyes, these results did not
reach statistical significance. This may have resulted from lack
of statistical power or from pooling and processing of RNAs
from both TG. Regardless of the reason, in subsequent exper-
iments we did not include the group of mice with CS in one eye
and focused on comparisons of mice with no CS versus mice
with CS in both eyes.

Mice with CS in both eyes had enhanced inflammatory re-
sponses (T cells, antigen-presenting cells, TH1/TH2 cytokines,
and cytotoxic molecules) in corneas and TG. Both T-cell-de-
pendent immune responses (22, 28, 32, 33, 46) and T-cell-
independent immune responses (7, 25, 53, 64, 65) have been
implicated in HSV-1-induced CS. In HSV-1, either TH1 re-
sponses (1, 52), or TH2 responses (30, 31, 36), or both re-
sponses (26), have been reported to play a role in the devel-
opment of herpes stromal keratitis (HSK). To investigate
potential differences in TG and corneas from mice with no CS
and those from mice with CS in both eyes, we performed
real-time PCR in the same TG and corneal samples described
above to determine expression levels of mRNAs characteristic
of T cells (CD4 and CD8), antigen-presenting cells (CD11b,
CDl11c, and F4/80), and the TH1/TH2 cell ratio (IL-2, IL-4,
and IFN-vy), as well as the expression levels of cytotoxic mol-
ecules (LT, GzmA, and GzmB).

The levels of IL-2 transcripts in the corneas of mice with CS
were significantly higher than the levels in mice with no CS
(Fig. 3A, cornea) (P < 0.0001). In contrast, the apparent dif-
ference in IL-2 mRNA levels in the TG did not reach signifi-
cance (Fig. 3A, TG) (P = 0.32). The levels of IL-4 (Fig. 3B)
and IFN-y (Fig. 3C) transcripts were significantly higher in
both the TG and corneas of mice with CS in both eyes than in
mice with no CS. The levels of IL-2 transcripts and IFN-y
transcripts were higher in the TG than in the corneas of in-
fected mice, although the reverse was true for IL-4 (Fig. 3A, B,
and C). This set of experiments revealed a correlation between
CS in both eyes and higher expression of IL-4 and IFN-y
transcripts in the corneas and TG. Since the group of mice with
CS in both eyes had higher levels of LAT expression, there was
also a correlation between higher levels of IL-4 and IFN-y
mRNAs in the cornea and TG, as well as the amount of latency
(as judged by the amount of LAT RNA).

The levels of CD4 (Fig. 4A), CDS8 (Fig. 4B), F4/80 (Fig. 4C),
CD11b (Fig. 4D), CD11c (Fig. 4E), CD45RO (Fig. 4F), GzmA
(Fig. 4G), and GzmB (Fig. 4H) transcripts were also signifi-
cantly higher in the TG and corneas from mice with CS in both
eyes than in those from mice with no CS. No LT mRNA was
detected in the corneas or TG of mice with or without CS (not
shown). In summary, we detected higher levels of IL-2, IL-4,
IFN-vy, CD4, CDS, F4/80, CD11c, CD45RO, and GzmA and -B
mRNAs in the corneas of mice with CS in both eyes than in
those from mice with no CS (P < 0.05). In TG, mice with CS
in both eyes appeared to have significantly higher levels of
IL-4, IFN-vy, CD4, CDS8, F4/80, CD11b, CD11c, PD1, GzmA,
and GzmB mRNAs. No significant differences were detected in
IL-2 or CD45RO mRNA levels in the TG. Comparison of the
levels of the various transcripts in the corneas versus the TG of
mice having CS in both eyes indicated three patterns: (i) the
levels of IL-2, IFN-y, CDS8, CD11b, CD11¢, and GzmB tran-
scripts were higher in the TG than in the corneas; (ii) the levels
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FIG. 3. Effect of higher level of latency and CS on TH1/TH2 transcripts
in TG and corneas of latently infected mice. The TG and corneas of surviving
mice from the experiments described in the legends to Fig. 1 and 2 were
isolated individually on day 30 postinfection, and quantitative RT-PCR was
performed using total RNA. IL-2, IL-4, and IFN-y expression in naive mice
was used to estimate the relative expression of each transcript in the TG and
corneas of mice with no CS and mice with CS in both eyes. GAPDH expres-
sion was used to normalize the relative expression of each transcript in the
corneas and TG of latently infected mice. Each point represents the mean =
standard error of the mean from five and seven mice for no CS and mice with
CS in both eyes, respectively. (A) IL-2 transcript. (B) IL-4 transcript.
(C) IFN-y transcript.

of IL-4, CD4, CD11c, and CD45RO transcripts were higher in
the corneas than in the TG; and (iii) the levels of F4/80 and
GzmA transcripts were similar in the corneas and the TG.
Elevated expression of PD-1 mRNA in mice with CS in both
eyes. CD8" T cells have been reported to provide active sur-
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FIG. 4. Association of the level of latency and severity of CS with levels of CD4, CDS8, CD11b, CD11c, F4/80, GzmA, GzmB, and CD45RO
transcripts in TG and corneas of latently infected mice. Quantitative RT-PCR was performed using total RNA isolated from TG and corneas of
surviving mice from the experiments described in the legends to Fig. 1, 2, and 3. CD4, CDS8, CD11b, CD11c, F4/80, CD45RO, GzmA, and GzmB
expression in naive mice was used to estimate the relative expression of each transcript in the TG and corneas of mice with no CS and mice with
CS in both eyes. GAPDH expression was used to normalize the relative expression of each transcript in corneas and TG of latently infected mice.
Each point represents the mean = standard error of the mean for mice with no CS (n = 5) and mice with CS in both eyes (n = 7). (A) CD4
transcript. (B) CD8 transcript. (C) F4/80 transcript. (D) CD11b transcript. (E) CD11c transcript. (F) CD45RO transcript. (G) GzmA transcript.
(H) GzmB transcript.
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FIG. 5. Association of latency and CS with level of PD-1 transcript
in the TG of latently infected mice. Quantitative RT-PCR was per-
formed on total RNA isolated from the TG of surviving mice from the
experiments described in the legends to Fig. 1 to 4. PD-1 expression in
TG of naive mice was used to estimate the relative expression of PD-1
transcript in TG of mice with no CS and mice with CS in both eyes.
GAPDH expression was used to normalize the relative expression of
each transcript in corneas and TG of latently infected mice. Each point
represents the mean * standard error of the mean from mice with no
CS (n = 5) and mice with CS in both eyes (n = 7).

veillance of HSV-1 gene expression in latently infected sensory
neurons (38, 43, 44), thus preventing reactivation of virus.
Recently, it was shown that exhaustion of CD8" T cells is a
major factor allowing persistent infection by lymphocytic
choriomeningitis virus (LCMV) in mice (3). Since our exper-
iments described above suggested that CD8 mRNA levels were
significantly elevated in TG of mice with more severe CS and
that these mice had more latent virus, it was of interest to look
for evidence of exhausted CD8" T cells. This was done by
looking for elevated mRNA levels of PD-1, indicative of ex-
hausted (or impaired) CD8" T cells (3), in TG of mice with CS
in both eyes compared to mice with no CS, as described above
for other transcripts. At present, PD-1 is the main marker to
identify exhausted CD8" T cells (67). We found significantly
more PD-1 mRNA in TG of mice with CS in both eyes than in
TG from mice with no CS (Fig. 5) (P < 0.0001). There was a
significant positive correlation between the levels of PD-1 and
CD8 transcripts in the TG (r, = 0.727; P = 0.007). These
results show a correlation between more severe CS and higher
levels of PD-1 mRNA. This suggests that many of the CD8* T
cells in the TG of these mice might be exhausted and therefore
not capable of playing a significant role in control of the virus.
This, in turn, may account for the increased amount of latency
detected in the TG of mice with CS in both eyes.
Association of LAT copy number with the severity of CS.
Finally, the correlation between the severity of CS and the
levels of expression of the inflammatory responses was as-
sessed in the TG and corneas of latently infected mice. The
correlative results of the above-mentioned studies are summa-
rized in Table 1. As shown in Table 1, in the TG, the LAT copy
number and PD-1 mRNA levels, as well as IL-4, CD4, CDS,
F4/80, CD11b, and GzmA and -B mRNA levels, were all sig-
nificantly positively associated with the severity of CS. There
was no difference in the IL-2, IFN-y, or CD45RO mRNA
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levels in the TG. In the cornea, the IL-2, IL-4, IFN-y, CD4,
CDS, F4/80, CD11¢c, CD45R0O, and GzmA and -B mRNA
levels were all significantly positively associated with the sever-
ity of CS; however, there was no difference in CD11b mRNA
levels in the cornea. These correlations suggest that there are
strong relationships between the severity of CS and higher
latency in the corneas and TG of latently infected mice.

DISCUSSION

In this study, we found a correlation between the severity of
CS and the levels of many of the transcripts we examined in the
TG of latently infected mice. These included the amount of
LAT (which is indicative of the relative amount of HSV-1
latency) and the PD-1, IL-4, CD4, CDS8, F4/80, CD11b, and
GzmA and -B mRNA levels. In the cornea, the IL-2, IL-4,
IFN-y, CD4, CD8, F4/80, CD11c, CD45RO, and GzmA and -B
mRNA levels also correlated with the severity of CS. Although
these correlations do not demonstrate cause and effect, it is
tempting to speculate that increased viral latency and in-
creased HSK are functionally related in some manner.

Following ocular infection with HSV-1, the virus travels on
microtubules toward neuronal cell bodies in a retrograde di-
rection and establishes latency in the TG. The latent virus can
be reactivated spontaneously and return to the eye by traveling
on the microtubules in an anterograde direction (18). The vast
majority of primary HSV infections are either asymptomatic or
so mildly symptomatic as to go almost completely unrecog-
nized (11, 14, 20, 61). In contrast, reactivation of virus from
latency and return to the original site of infection can cause
significant recurrent disease. Recurrent eye disease after
HSV-1 reactivation is a major cause of corneal disease and
blindness (5, 41, 42). It is well established that HSV-1-induced
CS, which also is broadly referred to as HSK, is due to immune
responses triggered by the virus (19, 34, 47).

Following experimental ocular infection of mice, the virus is
cleared from the eye by day 7 to 10 postinfection. HSK first
appears after day 10 (i.e., after the acute infection has been
cleared) and may increase up to day 20 postinfection, after
which the resultant CS remains unchanged. The most com-
monly used animal model of HSK is mice. However, in contrast
to HSV-1-infected humans or rabbits, spontaneous virus reac-
tivation in mice is rare (45). The evidence generated using the
mouse model suggests that eye disease may be associated with
immune responses triggered by the virus, rather than the virus
directly. One approach to studying the anterograde transport
of infiltrates and/or virus from the TG to the cornea is ablation
of the TG. Several compounds, including kainic acid,
caspazine, and resiniferatoxin, have been used for ablation of
the TG without affecting vision (10, 51); however, such studies
are difficult to perform.

To our knowledge, there have been no previous reports in
which the amount of latency in the TG and the levels of various
immune factors in the TG and the cornea have been system-
atically compared to the amounts of HSK in different groups of
identically infected, but otherwise untreated, mice. In this
study, we ocularly infected a large number (200) of inbred mice
(BALB/c) under identical conditions and analyzed the data
generated in terms of the incidence of CS in mice surviving 30
days postinfection. We grouped the mice into three groups: (i)
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mice with no CS in either eye, (ii) mice with CS in one eye, and
(iif) mice with CS in both eyes. These groupings reflected the
severity of CS in the eye. This approach formed a useful model
to (i) determine whether mice with more severe CS had higher
virus replication in the eye during the primary acute infection
and/or a greater load of latent virus in their TG and (ii) analyze
various factors that correlate with more severe CS and, as it
turned out, higher latency in the TG.

We found a direct correlation between the severity of CS
and higher levels of latency in the TG, as judged by the level of
LAT RNA. In addition, we found a correlation in the levels of
certain mRNAs between the corneas and TG of mice. This
may suggest a bidirectional movement of infiltrates between
the cornea and the TG. Previously, it has been reported that an
HSV-1 US9 mutant virus caused keratitis, even though it was
unable to return from the ganglia to the cornea (56). The
authors concluded that herpes keratitis can occur without an-
terograde transport from the ganglia to the cornea through a
process that was probably mediated by virus that persisted in
the cornea. HSV-1 DNA has been found in the corneas of
latently infected rabbits and individuals with a history of ocular
herpes infection (9, 17, 37). However, it should be noted that
in humans and rabbits, reactivation of virus in the TG followed
by shedding of infectious virus in tears is common. Thus, de-
tection of HSV-1 DNA in the corneas of rabbits and humans
does not demonstrate latent or persistent infection by virus in
the cornea. In this report, we did not detect any LAT RNA in
the corneas of any of the infected mice, including those with
CS. This is consistent with the extremely low level of HSV-1
spontaneous reactivation in the mouse and argues against la-
tent or persistent infection in mouse corneas.

In infected mice, the development of HSK starts shortly
after the virus is cleared from the eyes. This suggests that in
mice, HSK is due to the immune response to remnants of the
acute infection and/or movement of infiltrates and/or viral
proteins from the TG into the cornea. Consistent with the
movement of viral proteins from the TG to the cornea, the
US9 protein, which is necessary for long-distance anterograde
axonal transport of viral nucleocapsids, is not necessary for
transport of virus envelope (39). Thus, it is possible that virus
proteins returning to the mouse eye in the absence of reacti-
vation of infectious virus could lead to inflammatory responses
and corneal disease.

It is well accepted that HSV-1-induced CS is the result of
immunopathology (41, 68). Patients with enhanced immune
responses develop the worst clinical manifestations of herpetic
stromal disease (14, 59). The cornea is a highly organized
group of cells and proteins, but in contrast to most of the
tissues in the body, it does not normally contain blood or
lymphatic vessels (15). However, vascularization of the cornea
and infiltration can occur following surgical manipulation, in
certain corneal diseases, or on viral infection (63). Infiltrates
can also be delivered into the eye following breakdown of the
blood-eye barrier (62). In the course of this study, we examined
the immune responses in the spleens of the infected mice, but
we did not detect any differences in the levels of the transcripts
between mice with no eye disease and mice having severe CS
in both eyes (data not shown), which suggests that disruption
of the blood-eye barrier did not contribute to the CS.

Our results indicate that there were higher levels of inflam-
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matory infiltrates in the TG and corneas of the mice with CS in
both eyes than in those of mice with no CS. We also found a
correlation between increased levels of latent virus in the TG
(as judged by the level of LAT) of mice with CS in both eyes
compared to mice with no CS. Although this does not indicate
any direct cause-and-effect relationship between latency in
mouse TG and CS, it is possible that the latent virus in the
mouse TG is involved in the initiation of HSK, as might be
expected in humans and rabbits, in which HSK is known to be
related to reactivation of virus in the TG.

One of the most interesting findings relates to the possible
exhaustion of CD8" T cells in the TG of mice with CS in both
eyes and hence in mice with higher latency. We found higher
CD8 mRNA levels, which may be indicative of more CD8" T
cells, in the TG of mice with greater CS and latency. CD8" T
cells play a major role in virus clearance during primary virus
infection of mice (27). In addition, CD8" T cells appear to
provide active surveillance of HSV-1 gene expression in la-
tently infected sensory neurons (38, 43, 44), thus preventing
reactivation of virus. Interestingly, the exhaustion of CD8" T
cells appears to be a major factor leading to persistent LCMV
infections in mice (3), suggesting the possibility that similar
exhaustion of CD8" T cells might lead to increased HSV-1
latency. The CD8" T-cell exhaustion (impairment) was asso-
ciated with upregulation of the PD-1 gene. This was shown to
be functional, since in vivo administration of antibodies that
blocked the interaction of this inhibitory receptor with its li-
gand, PD-L1 (also known as B7-H1 or CD274), enhanced
T-cell responses and clearance of LCMV (3). Consistent with
the LCMYV studies, we found significantly higher levels of PD-1
transcript in TG of mice with higher HSV-1 latency (i.e., CS in
both eyes). This suggested that these mice had elevated PD-1,
and hence, elevated exhaustion of CD8" T cells. Thus, even
though the mice with higher levels of HSV-1 latency appeared
to have more CD8™ T cells, many, if not most, of these CD8™"
T cells may have been exhausted CD8* T cells that were not
able to clear the virus from the TG either prior to or after
establishment of latency. However, since the studies presented
here were done using total RNA from TG, it remains to be
shown that the elevated CD8 mRNA levels are due to in-
creased levels of CD8"* T cells and that the elevated PD-1
mRNA levels reflect increased expression of PD-1 in the
CD8" T cells.

Recently, we reported that the number of lymphoid-related
(CD11c™ CD8a™) dendritic cells correlated with the amount
of HSV-1 latency in mouse TG (50). PD-1 has two ligands,
PD-L1 (B7-H1) (24) and PD-L2 (B7-DC) (60). Thus, it is
possible that lymphoid-related dendritic cells may increase the
engagement of PD-L1 and/or PD-L2 with PD-1, leading to
impairment of CD8" T cells and establishment of latency.
Regardless of the mechanism, if elevated PD-1 leads to in-
creased latency, blockade of PD-L/PD-1 interactions might be
a potentially effective strategy for the prevention and/or reduc-
tion of latent herpesvirus infections and hence recurrent her-
pes disease.
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