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The Journal of Immunology

CD8+ T Cells Suppress Viral Replication in the Cornea but

Contribute to VEGF-C–Induced Lymphatic Vessel Genesis

Christopher D. Conrady,* Min Zheng,† Donald U. Stone,† and Daniel J. J. Carr*,†

HSV-1 is the leading cause of infectious corneal blindness in the industrialized world. CD4+ T cells are thought to be the major

leukocyte population mediating immunity to HSV-1 in the cornea as well as the likely source of immunopathology that reduces

visual acuity. However, the role of CD8+ T cells in immune surveillance of the cornea is unclear. Thus, we sought to evaluate the

role of CD8+ T cells in ocular immunity using transgenic mice in which >98% of CD8+ T cells are specific for the immunodo-

minant HSV-1 epitope (gBT-I.1). We found a significant reduction in virus, elevation in HSV-specific CD8+ T cell influx, and more

CD8+ T cells expressing CXCR3 in the cornea of transgenic mice compared with those in the cornea of wild-type controls yet

similar acute corneal pathology. However, by day 30 postinfection, wild-type mice had drastically more blood and lymphatic vessel

projections into the cornea compared with gBT-I.1 mice, in which only lymphatic vessel growth in response to VEGF-C could be

appreciated. Taken together, these results show that CD8+ T cells are required to eliminate virus more efficiently from the cornea

but play a minimal role in immunopathology as a source of VEGF-C. The Journal of Immunology, 2012, 189: 425–432.

H
erpes simplex virus type 1 is a neurotropic, dsDNA virus

proven to be a highly successful pathogen based on

seroconversion of the adult population in excess of 60%

(1). The virus is spread through a mucocutaneous route, where it

first invades host epithelium eventually to gain access to sensory

nerve fibers. HSV-1 is then transported in a retrograde fashion to

the cell body that populates sensory ganglia such as the trigeminal

ganglia where the virus persists in a latent state (2). The virus

can then sporadically reactivate in response to stressors (e.g.,

environmental stressors including UV exposure, temperature

changes, and intellectual challenge) sending infectious virions

down the maxillary or mandibular branch of the trigeminal nerve

by anterograde transport to produce a lesion or “cold sore” on or

near the labium. In stark contrast to labial lesions, more atypical

presentations include primary or recurrent infection (reactivation)

that induces significant yet devastating pathology in the CNS

(i.e., encephalitis) (3) and cornea.

In the cornea, a site innervated by the ophthalmic division of

the trigeminal nerve, HSV-1 can periodically reactivate to induce

recurrent inflammatory conditions (4) in the stroma or epithelium

known as epithelial or stromal keratitis (herpetic stromal keratitis;

HSK), respectively. In the stroma, the disease can progress to

result in significant and permanent scarring and is the leading

cause of infectious corneal blindness in the developed world (5).

The cornea relies on transparency and proper shape to filter light

to the lens and retina. Any alteration (i.e., inflammatory insults

and scarring) to light passage in the eye can have drastic effects on

visual acuity. Thus, understanding the immune response to HSV-1

in the cornea and the perpetual effects of these responses is critical

in tailoring treatments to eradicate the virus while limiting per-

manent pathology that severely affects vision. Current experi-

mental evidence suggests that a vast portion of the pathology

during HSK episodes is likely orchestrated by infiltrating neu-

trophils (6, 7) and CD4+ T cells (8, 9). Reports have even shown

that CD4+ T cells localize to areas of keratitis (10).

Conversely, the CD8+ T cell-driven immune response is crucial

in the containment of HSV-1 in tissues outside of the cornea (11,

12). Mice deficient in innate type I IFN signaling (type I IFN

receptor A1 or CD1182/2) are extremely susceptible to rapid

HSV-1 dissemination; however, when HSV-specific CD8+ T cells

are adoptively transferred into CD1182/2 mice, recipients show

a significant reduction in the viral load of the brain stem and tri-

geminal ganglia (13). These results highlight the importance of

CD8+ T cells in immune surveillance of HSV-1 in neuronal tissue

but fail to address whether CD8+ T cells are necessary to control

HSV-1 replication in the cornea.

Although several groups have attempted to describe the function

of CD8+ T cells in ocular immunity to HSV-1, they have failed

to address a definitive role of CD8+ T cells in clearing HSV-1 and/

or inducing ocular pathology during the initial stages of infection.

Models employing knockout mice for CD4+ and CD8+ T cell

populations have been used to evaluate the specific roles of

CD4+ and CD8+ T cells (9, 14–16). In terms of the role of CD8+

T cells, two recent reports described the importance of a CD4+

T cell influx regulating CD8+ T cell entry into mucosal sites after

infection (17) as well as an inherent role of CD4+ T cells in

priming of CD8+ T cells to attain competent IFN-g and TNF-a

production in response to HSV-1 (18). Consequently, abolishing

CD4+ T cells could hinder CD8+ T cell access to the infected

cornea and diminish their effector function, clouding conclusions

drawn from these studies. Relative to CD8+ T cells in the presence

of CD4+ T lymphocytes, only two reports have evaluated viral

replication during acute infection. One report measured viral

shedding into the tear film and found no difference in mice with or

without CD8+ T cells (19). However, another group reported a rise
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in infectious virus in the periocular skin and tear film in the ab-

sence of CD8+ T cells during acute infection (16). On the basis of

the discrepancy in the literature on the role of CD8+ T cells in

viral surveillance within the cornea after infection, we initiated

a study using mice in which .98% of CD8+ T cells are HSV-1

specific (20). These mice were previously found to be useful in

establishing the importance of HSV-specific CD8+ T cells in

limiting virus egress in a cutaneous model of infection (21).

Thus, we hypothesized that CD8+ T cells were critical in

inhibiting viral replication in the cornea in response to HSV-1

infection while contributing to immune-mediated pathology that

others have attributed to CD4+ T cells. However, in the current

study we found that although CD8+ T cells actively participate in

containing HSV-1 replication, their presence in the cornea was not

associated with more severe pathology (i.e., MMP-9 expression

and slit lamp examination) despite their contribution to the pro-

duction of VEGF-C and lymphangiogenesis.

Materials and Methods
Mice and virus

C57BL/6J wild-type (WT) mice were purchased from The Jackson Lab-
oratory (Bar Harbor, ME). HSV glycoprotein B (gB)T-I.1 TCR transgenic
mice (20) on a WT background were maintained in the Dean McGee Eye
Institute’s animal facility and were all genotyped to confirm the presence
of the transgene. gBT-I.1 mice were back-crossed with CXCR32/2 mice
(22) and genotyped to confirm transgene and knockout. Animal treatment
was consistent with the National Institutes of Health Guide for the Care

and Use of Laboratory Animals, and all procedures were approved by the
University of Oklahoma Health Sciences Center and Dean A. McGee Eye
Institute Institutional Animal and Care Use Committee. HSV-1 (strain
McKrae) was propagated in green monkey kidney cells (Vero cells),
titered, and stored at 280˚C as previously described (13).

HSV-1 infection

Six- to ten-week-old male and female WT, gBT-I.1, and gB-CXCR32/2

sex-matched mice were anesthetized by an i.p. injection of xylazine (6.6
mg/kg) and ketamine (100 mg/kg). Their corneas were scarified using
a 25-gauge 1½-in. needle and tear film blotted. HSV-1 McKrae (1000
PFU) was resuspended in 3 ml sterile 13 PBS and then topically inoc-
ulated onto the scarified corneas. HSV-1 viral titers in the cornea were
determined 3 and 7 d postinfection by plaque assay as previously
described (13).

Histochemistry

WT and gBT-I.1 mice were infected with HSV-1. Whole eyes were har-
vested, fixed in 4% paraformaldehyde for 24 h at 4˚C, transferred to 70%
ethanol, and embedded in paraffin. Five-micrometer sections were cut and
mounted on slides. H&E staining was then performed as well as a one-step
trichrome (Gomori’s) stain. Uninfected WT and gBT-I.1 mice served as
negative controls. Images were then captured using a Nikon Eclipse E800
Epifluorescent microscope (Nikon, Melville, NY) at 340, 3100, and
3200 magnifications.

Slit lamp exam

The corneas of both WTand gBT-I.1 mice were examined 7 d postinfection
for clinical pathology by a “masked” ophthalmologist using a Kowa por-
table slit lamp (Kowa Optimed, Torrance, CA). Corneal pathology was
assessed using the following scoring key: 0 = no pathology; 1 = injected
eye, no opacity; 2 = focal opacity; 3 = hazy opacity over entire cornea; 4 =
dense opacity in central cornea with remainder hazy; 5 = same as no. 4 but
with ulcer; and 6 = corneal perforation.

ELISAs

At the appointed time, infected gBT-I.1 and WT mice were euthanized and
perfused with 13 PBS. Corneas were harvested and resuspended in 13
PBS with a protease mixture (Calbiochem, La Jolla, CA). After tissue
homogenization, supernatants were clarified with a 10,0003 g spin for 1.5
min. Supernatants were then subjected to sandwich ELISAs (R&D Bio-
systems, Minneapolis, MN) and suspension arrays (Bio-Rad, Hercules,
CA) to measure MMP-9, CXCL1, CCL2, CCL5, CXCL9, and CXCL10
levels 7 d postinfection as previously described (13).

Flow cytometry

Briefly, corneas, draining mandibular lymph nodes (MLNs), and blood
(by retroorbital bleed) were harvested from WT and gBT-I.1 mice 0 or
7 d postinfection. The tissues were then processed by passing through a 40-
mm filter to create single-cell suspensions that were subsequently labeled
with anti-CD8, anti-CD4, anti-NK1.1, anti-CD3, anti-CXCR3, anti-CCR5,
anti-CD45 (BD Biosciences, San Jose, CA), and/or tetramer (Baylor
College of Medicine, Houston, TX) to identify specific leukocyte pop-
ulations. The cell suspensions were washed in 1% BSA/PBS and fixed in
1% paraformaldehyde overnight. The samples were then analyzed by flow
cytometry (Beckman Coulter, Brea, CA) with known amounts of Count-
Bright beads (Invitrogen, Eugene, OR) as previously described to evaluate
total cell numbers found in the respective tissue (13).

Intracellular staining

Single-cell suspensions were isolated as described above from the draining
MLNs of WT and gBT-I.1 mice 7 d postinfection. One million cells were
resuspended in 1.0 ml RPMI 1640 medium containing 10% FBS and added
to 24-well culture plates. Cells were stimulated with 2 mg HSV-specific gB
peptide (SSIEFARL) (Biomatik USA, Wilmington, DE) for 1 h at 37˚C at
which point 1 ml brefeldin A (BD Biosciences) was added. After an ad-
ditional 3 h at 37˚C, nonspecific Ab binding was inhibited with 2 ml Fc
block (BD Biosciences) for 15 min at 4˚C. Select extracellular receptors
were then stained with PE–Cy5–conjugated CD45 and FITC-conjugated
CD8 for 30 min at 4˚C. The cells were permeabilized according to the
manufacturer’s protocol (BD Biosciences). After permeabilization, cells
were stained with 4 ml PE-conjugated IFN-g (BD Biosciences) at 4˚C and
twice washed. The single-cell suspensions were analyzed by flow cytom-
etry as described above.

Confocal imaging

Corneas were harvested from both WT and gBT-I.1 mice at 0, 7, and
30 d postinfection. The corneas were fixed in 4% paraformaldehyde and
washed in 1% PBS–Triton as previously described (23). The tissue was
blocked with Fc block overnight at 4˚C and then incubated with primary
Ab against CD31 (Millipore) and Lyve 1 (Abcam) overnight at 4˚C. After
three washes with 1% PBS–Triton, secondary Abs were added (Jackson
ImmunoResearch Laboratories) and incubated overnight at 4˚C. After
three more washes, corneas were incubated at 4˚C with DAPI overnight.
Corneas were then mounted and imaged as z-stack images using
an epifluorescence/confocal laser-scanning microscope (IX81-FV500;
Olympus) as previously described (23).

CD8+ T cell depletion

gBT-I.1 transgenic mice were infected with 1000 PFU/eye HSV-1. After 30
min, gBT-I.1 mice were given a subconjunctival injection of either 40 mg
anti-CD8a (Bio X cell, Lebanon, NH) or isotype Ab (rat IgG) resuspended
in 10 ml 13 PBS. The mice were then treated again with 40 mg Ab at 2, 4,
and 6 d postinfection. At 7 d postinfection, mice were euthanized and viral
content assessed in the cornea by plaque assay as previously described,
VEGF isoform expression by RT-PCR, or lymphatic growth by confocal
microscopy. Depletion was confirmed by flow cytometric analysis of the
cornea for CD8+ T cell population as previously described.

VEGF-C neutralization

gBT-I.1 mice were infected as previously described. Three days postin-
fection and every other day thereafter, mice were given a 10-ml subcon-
junctival injection (10 mg total) of either human IgG or VEGFR3-Fc (R&D
Systems). Lymphatic growth was then evaluated 7 d postinfection by
confocal microscopy as described previously.

RT-PCR

mRNAwas isolated from infected and uninfected gBT-I.1 and WT corneas
as previously described (24). Briefly, corneas were harvested and ho-
mogenized. Total RNA was then isolated using TRIzol per the manu-
facturer’s guidelines (Invitrogen). cDNA was synthesized using avian
myeloblastosis reverse transcriptase and real-time PCR performed with an
iCycler. Primer sequences have been previously described (25). To eval-
uate mRNA expression of trafficking leukocyte populations, MLN and
spleen leukocytes were pooled from uninfected and infected mice (day 7
postinfection), and 1 3 107 cells were subjected to a CD8+ isolation
column (Miltenyi Biotec) to isolate CD8+ cells from all others per the
manufacturer’s protocol. RT-PCR was then performed to identify sources
of VEGF isoform expression. Flow cytometric analysis was performed to
evaluate purity of populations.
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Statistics

Statistical analysis was performed using the GBSTAT program (Dynamic
Microsystems, Silver Spring, MD). A Student t test was used to determine
significant (p , 0.05) differences between WT and gBT-I.1 groups.

Results
gBT-I.1 transgenic mice harbor less virus yet have comparable

acute corneal pathology to WT animals after ocular HSV-1

infection

CD4+ T cells have been assumed to be the major adaptive leu-

kocyte population driving immune clearance and pathology in the

cornea (14, 15). Thus, we sought to evaluate the role, if any, CD8+

T cells have in viral surveillance after ocular HSV-1 infection

using transgenic mice in which nearly all of the CD8+ T cells

recognize the immunodominant HSV-1 gB peptide epitope (20).

To evaluate the role of CD8+ T cells in containing HSV-1 repli-

cation, WT and gBT-I.1 mice were ocularly infected with 1000

PFU and sacrificed either 3 or 7 d postinfection. Whereas viral

loads were similar 3 d postinfection (Fig. 1A), infectious virus

levels in the cornea of WT mice were 10–100 times higher than

those of gBT-I.1 mice as determined by plaque assay by

7 d postinfection (Fig. 1B). To next evaluate whether a decreased

viral load corresponded with an increase in pathology during the

acute infection, we performed H&E staining to identify infiltrating

leukocytes and trichrome staining to visualize collagen fiber de-

struction/rearrangement. Samples viewed by two masked individ-

uals found no appreciable pathologic differences in the cornea of

gBT-I.1 mice and of WT counterparts 7 d postinfection (Fig. 2).

Both gBT-I.1 and WT mice had similar presentation of leukocytes

residing in the cornea proper (Fig. 2A, 2B) as well as varying

degrees of collagen fiber disruption (Fig. 2E, 2F) in comparison

with WT and gBT-I.1 uninfected controls, which had no measur-

able leukocyte infiltrate or corneal pathology (Fig. 2C, 2D, 2G,

2H). Clinical slit lamp examination and MMP-9 protein levels

were consistent with histological specimens in that corneas of

infected gBT-I.1 mice had only modestly higher clinical scores

and similar levels of MMP-9 expression compared with WT

corneas (Fig. 3A, 3B). Furthermore, infected WT and gBT-I.1

mice showed significantly elevated corneal MMP-9 levels com-

pared with their uninfected counterparts (,0.02 ng/mg cornea).

To examine ocular pathology further, confocal imaging was per-

formed to evaluate lymphatic and blood vessel growth into the

cornea proper. By day 7 postinfection, both WT and gBT-I.1 mice

had lymphatic vessels (yellow arrows, Lyve1hi, CD31lo, Fig. 3D)

infiltrating the cornea, but only WT mice had appreciable blood

vessel genesis (CD31+, Lyve12) (Fig. 3C, 3D, and data not

shown). The lack of blood vessel growth into gBT-I.1 cornea

proper was only intensified by day 30 postinfection compared with

WT controls (Fig. 3D, pink arrows). Taken together, gBT-I.1 mice

had significantly less virus yet comparable levels of ocular pa-

thology as WT controls during the acute phase of disease (0–

7 d postinfection) suggesting viral loads were not a reliable

predictor of HSK (day 30). These findings also further reiterated

a likely immune-mediated role in corneal pathologic outcomes

after HSV-1 infection.

HSV-specific CD8+ T cells infiltrate HSV-1–infected corneas of

gBT-I.1 mice far in excess of that found in WT controls

To identify contributing factors associated with viral surveillance

in the cornea of gBT-I.1 mice after HSV-1 infection, leukocyte

populations residing in the tissue were phenotypically identified.

Whereas the percentage of total CD8+ T cells was not different

comparing WT to gBT-I.1 mice (Fig. 4B), there was a substantial

difference in the absolute number of HSV-specific CD8+ T cells in

the cornea proper with significantly more found in that of gBT-I.1

mice (Fig. 4A, 4C). No other significant differences were found in

leukocyte populations [i.e., NK cell (data not shown), CD4+ T cell

FIGURE 1. gBT-I.1 mice harbor significantly

less virus by day 7 postinfection than that of WT

controls. WT and gBT-I.1 mice were infected with

1000 PFU/eye HSV-1. At the indicated time

postinfection, mice were euthanized and corneas

harvested. Viral levels in the cornea were evalu-

ated by plaque assay 3 d (A) and 7 d (B) postin-

fection. Results represent two to four independent

experiments of two to three mice per group and are

expressed as the mean log PFU/cornea 6 SEM.

**p , 0.01 (comparing gBT-I.1 to WT mice).

FIGURE 2. Histological assessment of corneas from HSV-1–infected gBT-I.1 transgenic and WT mice. WT and gBT-I.1 mice were infected with 1000

PFU/eye HSV-1. Seven days postinfection, corneas were harvested, fixed, sectioned, and stained with H&E to identify generalized leukocyte infiltration (A–

D) or stained with Gomori’s trichrome to evaluate collagen fiber disruption (E–H). WT mice (A) show leukocytes residing in the cornea proper similar to gBT-

I.1 mice (B) and collagen fiber disruption as highlighted by the yellow arrow of the inset (A, E, and F). The orange arrow in (F) emphasizes sporadic

ulcerations more typical of gBT-I.1 mice compared with WT animals. (C, D, G, and H) Representative images of uninfected controls. All depicted images are

representative of three to four independent experiments of two to three eyes per group. Images are at 340, 3100, or 3400 magnification. Yellow scale bars,

300 mm.

The Journal of Immunology 427

 b
y
 g

u
est o

n
 A

u
g
u
st 8

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


(Fig. 4D), and total leukocyte influx (Fig. 4E)] within the infected

cornea comparing the two groups. Furthermore, this difference in

HSV-specific CD8+ T cells was not appreciated 3 d postinfection

due to a lack of CD8+ T cell infiltration (data not shown) and

equilibrated by day 30 postinfection (Fig. 4F).

To determine if the results found in the cornea were reflective of

that residing in the draining lymph nodes (MLNs) to explain the

discrepancy in trafficking, select leukocyte populations including

NK cells, CD4+ and CD8+ T cells, HSV-specific CD8+ T cells, and

total leukocytes were assessed 7 d postinfection. HSV-1–infected

gBT-I.1 mice exhibited gross deficiencies in NK cells (Fig. 5B)

and CD4+ T cells (Fig. 5C), yet had significantly more HSV-

specific and total CD8+ T cells in the MLN compared with WT

mice (Fig. 5A, 5D). Furthermore, there was a marked increase in

the activation of CD8+ T effector cells in response to HSV Ag in

the total CD8+ T cell population from the MLN of HSV-1–

infected gBT-I.1 mice as determined by IFN-g expression (Fig.

5E) and less regulatory T cells per effector CD8+ T cell (Fig. 5F).

We interpret these results to suggest gBT-I.1 mice are more adept

at containing HSV-1 in the cornea due to increased HSV-specific

CD8+ T cell numbers that are capable of responding to viral Ag.

Enhanced recruitment of CD8+ T cells into the cornea of

gBT-I.1 mice is associated with an increased expression of

chemokine receptor CXCR3

To explain the increased CD8+ T cell trafficking into the cornea

of gBT-I.1 mice, chemokine levels of known effector T cell che-

moattractants (26–28) as well as inflammatory chemokines were

evaluated. T cell chemoattractants including CCL5 and CXCL10

levels were significantly lower in the cornea of gBT-I.1 mice in

comparison with those in the cornea of WT controls (Fig. 6A).

Although CXCL9 was lower as well, the difference was not sta-

tistically different (Fig. 6A). Likewise, CCL2 but not CXCL1 was

elevated in cornea tissue from HSV-1–infected WT mice in

FIGURE 3. Ocular pathology in WT and gBT-I.1 mouse corneas. WT

and gBT-I.1 mice were infected with 1000 PFU/eye HSV-1 McKrae. (A)

At 7 d postinfection, clinical pathology was assessed and scored by a

masked observer (clinical ophthalmologist) using a slit lamp examination,

and no significant differences were identified. (B) MMP-9 expression was

evaluated by ELISA and was similar in gBT-I.1 and WT mice after in-

fection. Data are represented as the mean 6 SEM. Values represent two

independent experiments of two to three mice per group. Black line, MMP-

9 expression in uninfected controls. (C) An overview of the cornea after

HSV infection. Blue line, edge of cornea (limbus region); black box, area

imaged; ON, optic nerve. (D) Corneas were then assessed for lymphatic

(FITC, green, Lyve1hi, CD31low) and blood vessel (DyLight 549, red,

CD31hi) growth into the cornea proper at 0, 7, and 30 d postinfection. Pink

arrows, blood vessel growth; yellow arrows, lymphatic vessel growth; white

lines, length of lymphatic vessel; blue dashed lines, edge of cornea (limbus

region).

FIGURE 4. gBT-I.1 mice have a dramatic influx of HSV-specific CD8+

T cells into the cornea not seen in WT. WT and gBT-I.1 mice were infected

with 1000 PFU/eye HSV-1. At 7 or 30 d postinfection, the animals were

exsanguinated, and the corneas were harvested, processed, and pheno-

typically characterized for leukocyte content by flow cytometry. (A) The

HSV-specific CD8+ T cell number 7 d postinfection. (B) Total CD8+

T cells in the cornea 7 d postinfection. (C) A representative histogram for

the corresponding results reported in (A). CD4+ T cells and total leukocyte

(CD45hi) numbers 7 d postinfection are expressed in (D) and (E), re-

spectively. Results from 30 d postinfection for CD8+ T cells, CD3+ CD82

cells, HSV-specific CD8+ T cells, and total leukocytes are quantified in (F).

Results in (A, B, D–F) are expressed as the mean 6 SEM from two to three

independent experiments of two to three mice per group. *p , 0.05

(comparing WT to gBT-I.1).

428 CD8+ T CELLS SUPPRESS VIRAL REPLICATION AND PRODUCE VEGF-C

 b
y
 g

u
est o

n
 A

u
g
u
st 8

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


comparison with gBT-I.1 transgenic mice (Fig. 6B). Based on

these results, chemokine expression parallels Ag load within the

cornea of infected mice and does not alone explain the unique

recruitment pattern found in the cornea of gBT-I.1 mice. As a

result, chemokine receptor expression for the T cell chemo-

attractants CCL5, CXCL9, and CXCL10 was evaluated on the

circulating CD8+ T cell population after HSV-1 infection. The

results show a significantly higher proportion of circulating CD8+

T cells from gBT-I.1 mice express CXCR3 but not CCR5 in

comparison with that found in WT mice and uninfected controls

(Fig. 6C). To highlight further the importance of CXCR3, gBT.I-1

mice were back-crossed with CXCR3-deficient mice (gBT-I.1–

CXCR32/2) and infected with HSV-1. gBT-I.1–CXCR32/2 mice

had elevated HSV-1 titers in the cornea 7 d postinfection in

comparison with gBT-I.1 controls, which was consistent among all

three experiments (Fig. 6D). Collectively, these results emphasize

the importance of CXCR3 expression on circulating CD8+ T cells

in immune surveillance in the cornea.

CD8+ T cells contribute to immune surveillance and lymphatic

growth after HSV-1 infection

To substantiate the contribution of CD8+ T cells in gBT-I.1 mouse

resistance to HSV-1 infection, CD8+ T cells were depleted (Fig.

7A, 7C). In comparison with isotype control-treated mice, CD8+

T cell-depleted gBT-I.1 mice possessed significantly more infec-

tious virus in the cornea 7 d postinfection (Fig. 7B). These results

substantiate the role of infiltrating CD8+ T cells in immune sur-

veillance of the cornea after ocular HSV-1 infection. To determine

if the net loss of virus was correlative with a common pathologic

condition of herpetic keratitis, angiogenesis was evaluated 7 d

postinfection in isotype and CD8+ T cell-depleted corneas (Fig.

7A, 7B). In gBT-I.1 mice depleted of CD8+ T cells, lymphatic

length was severely shortened (Fig. 7D), thus suggesting a role of

CD8+ T cells in lymphatic growth. From previous work in our

laboratory, acute lymphatic growth was driven in response to

VEGF-A production by infected epithelial cells during the first

few days postinfection (25, 29). Thus, to identify the discrepancy

in lymphatic and blood vessel genesis seen in WT and gBT-I.1

mice after infection (Fig. 3C), mRNA expression was evaluated

for VEGF isoforms A, C, and D, which are known angiogenic

factors (30). By day 5 postinfection, a significant elevation in

VEGF-C could be appreciated in gBT-I.1 corneas compared with

WT controls (Fig. 8B). Conversely, by day 30 postinfection, cor-

FIGURE 5. gBT-I.1 mouse draining MLNs possess significantly more

total and HSV-specific CD8+ T cells in comparison with WT. WTand gBT-

I.1 mice were infected with 1000 PFU/eye HSV-1. At 7 d postinfection,

leukocytes were isolated from the draining MLNs, and phenotypic profiles

were analyzed by flow cytometry. gBT-I.1 mouse MLNs contained sub-

stantially more HSV-specific and total CD8+ T cells than WT mice (A).

Conversely, WT mice possessed significantly more CD32 NK1.1+ (NK

cells) and CD3+ CD4+ T cells in the MLN in comparison with gBT-I.1

mice (B and C). Representative histograms of flow analysis of CD3+ CD8+

T cells in the MLN is shown in (D). gBT-I.1 CD8+ leukocytes were in-

herently more responsive to HSV-1 than WT cells as indicated by intra-

cellular staining of IFN-g in (E). Furthermore, gBT-I.1 mice had a higher

effector to regulatory T cell (CD4+ Foxp3+) ratio than WT controls (F).

Results summarize two to three experiments of two to three mice per group

and are depicted as the mean leukocyte population 6 SEM. *p , 0.05,

**p , 0.01 (comparing gBT-I.1 and WT groups).

FIGURE 6. CXCR3 expression is elevated on

circulating CD8+ T cells. WT, gBT-I.1, and gB-

CXCR32/2 mice (n = 4 to 6 mice/group) were

infected with 1000 PFU/eye HSV-1. At 0 and 7 d

postinfection, corneas were harvested and assayed for

chemokine content by ELISA/suspension arrays. (A)

WT mouse corneas possessed significantly more

CCL5 and CXCL10 compared with gBT-I.1 mouse

corneas. (B) WT mouse corneas expressed elevated

levels of CCL2 but not CXCL1 in comparison with

gBT-I.1 mouse corneas. (C) CXCR3 but not CCR5

expression is increased on CD8+ T cells obtained

from blood samples of gBT-I.1 mice in comparison

with infected WT mice. (D) gB-CXCR32/2 harbored

elevated levels of HSV-1 compared with gBT-I.1

mice as evaluated by plaque assay 7 d postinfection.

Bars represent the mean 6 SEM of two to three

independent experiments. *p , 0.05, **p , 0.01

(comparing WT to gBT-I.1).
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neas of WT mice had significantly higher levels of all three iso-

forms tested than those of gBT-I.1 corneas (Fig. 8A–C). Previous

work has shown that activated T cell lines can be a source of VEGF

(31). To identify the role of CD8+ T cells, if any, in lymphatic

growth seen in gBT-I.1 mice, mRNA transcripts were evaluated

from isolated infected and uninfected WT and gBT-I.1 draining

MLNs and spleen (Fig. 8D). In both WT and gBT-I.1 mice, CD8+

T cells were the major source of VEGF-C expression after infection

(Fig. 8E). Notably, WT CD8+ T cells were also a source of VEGF-

A in an infected and uninfected setting (Fig. 8E). To substantiate the

role of VEGF-C in lymphatic growth of gBT-I.1 corneas, VEGF-C

neutralization was performed and resulted in a severe blunting of

lymphatic growth by day 7 postinfection confirming VEGF-C–de-

pendent lymphatic growth (Fig. 8F).

Discussion
In the current study, an increased influx of CD8+ T cells into the

cornea of gBT-I.1 mice after HSV-1 infection was associated with

similar acute gross visual pathology with similar NK and CD4+

T cell infiltration profiles and lower viral titers compared with WT

controls. In patients suffering from HSK, HSV-specific CD8+

T cells are found in relative abundance suggesting a role of CD8+

T cells in inducing ocular pathology (32). In fact, mice deficient in

CD4+ T cell populations can still develop HSK (33), and the

accumulation of activated CD4+ T cells is not sufficient to cause

the development of HSK further implicating a non-CD4+ T cell

population (34). From the results of the current study, CD8+

T cells are not a major contributor to ocular pathology likely due

to their ability to clear virus efficiently, thus reducing HSV-driven,

VEGF-A–dependent lymphatic growth (25, 29). This is further

supported in that a loss or depletion of CD8+ T cells actually leads

to enhanced neovascularization, opacity, and scarring (16, 19).

However, the few unwarranted effects of these cells within the

cornea likely results from the secretion of VEGF isoforms to

initiate endothelial migration and proliferation (30). Although the

FIGURE 7. gBT-I.1 mice depleted of CD8+ T cells have significantly

higher viral titers in the cornea than isotype-treated gBT-I.1 mice yet

shorter lymphatic vessels. gBT-I.1 mice were treated with anti-CD8a or

isotype Ab the day of infection and every other day thereafter as depicted

as asterisks in (A). At 7 d postinfection, corneas were harvested, and

plaque assay was performed to evaluate infectious virion content (B) and

flow cytometric analysis of the cornea (C) was performed to confirm CD8+

T cell depletion. Representative histograms after treatment and infection

can be seen in (C). Values are represented as the mean 6 SEM of two

independent experiments of two to three mice/group. (D) To investigate the

role of CD8+ T cells in angiogenesis, CD8+ T cells were depleted and

confocal imaging performed to evaluate lymphatic (FITC, green, Lyve1hi,

CD31lo) and blood vessel growth (DyLight 549, red, CD31hi). Images are

representative of two experiments of two to four corneas per group. White

scale bars, 200 mm; dashed white lines, border of cornea proper. **p, 0.01. FIGURE 8. CD8+ T cells secrete VEGF-C to induce lymphatic growth

into the cornea. To evaluate the role of CD8+ T cells in lymphangiogenesis,

mRNA transcript expression for VEGF-A (A), VEGF-C (B), and VEGF-D

(C) was evaluated 0, 1, 3, 5, or 30 d postinfection in WT and gBT-I.1

corneas. To then confirm that CD8+ T cells were the major source of

VEGF-C, CD8+ and CD82 cell populations were isolated from the

draining MLN and spleen and evaluated for VEGF expression (E), and

purity was evaluated by flow cytometry (D). (F) To substantiate the role of

VEGF-C in lymphatic growth, chimeric VEGFR3 or control IgG was

ocularly administered to gBT-I.1 mice after infection and lymphatic (FITC,

green, Lyve1hi) and blood vessel (DyLight 549, red, CD31hi) growth

evaluated by confocal microscopy. Dashed white lines, border of cornea

proper with limbus; yellow arrows, lymphatic vessels; pink lines, length of

lymphatic vessel into the cornea proper.

430 CD8+ T CELLS SUPPRESS VIRAL REPLICATION AND PRODUCE VEGF-C

 b
y
 g

u
est o

n
 A

u
g
u
st 8

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


secretion of VEGF from T cells has been shown to induce a Th1

response required to inhibit HSV-1 spread and is likely important

in tissues such as the lymph node (13, 31, 35), expression of

VEGF in the cornea, more specifically VEGF-C, from CD8+

T cells leads to detrimental lymphatic invasion of the avascular

cornea. Lymphangiogenesis has severe visual consequences and is

thus a tightly regulated phenomenon as evident by constitutive

expression of soluble VEGFR-1 (36). Our laboratory had previ-

ously reported the importance of VEGF-A in lymphatic growth

after HSV-1 infection (25). In the current study, VEGF-A is

modestly increased in both WT and gBT-I.1 corneas within the

first 24 h postinfection. The lower levels of HSV-driven VEGF-A

could be due in part to the lower initial viral inoculum (29). We

hypothesize that once VEGF-A has initiated lymphatic growth

after HSV infection, VEGF-C then contributes to the vessel

lengthening as evidenced by the shorter lymphatic vessels after

VEGF-C neutralization compared with IgG controls.

Evidence clarifying the role of immune recognition and clear-

ance of an HSV-1 infection of the cornea is a significant concern to

the medical community. With recurrent bouts of herpetic keratitis,

the incidence of corneal graft survival after transplantation is se-

verely diminished [.90% (37) to ,50% (38)], as well as increase

of the frequency of corneal blindness due to infectious cause (1).

Thus, a more complete understanding of immune-mediated events

after HSV-1 infection could help alleviate the effect the immune

response to HSV-1 has on corneal pathology while retaining the

host’s ability to control the pathogen. Broad-based therapies for

HSK such as steroid-based eye drops used to suppress immune

responses in the cornea leave the patient modestly immunocom-

promised (39). This treatment regimen could be supplanted with

more specific inhibitors already clinically available for toxic

molecules released by activated leukocytes including MMPs,

TNF-a, and IFN-g, all while retaining the host’s ability to contain

and eventually subdue the infection. Furthermore, addition of

neutralization of VEGF isoforms with mAbs would result in less

neovascularization (40) likely resulting in an additive reduction in

long-term ocular pathology. Additionally, it is predicted that po-

tential vaccines to inhibit HSV infections altogether would require

a strong CD8+ T cell activation component to abolish viral-driven

VEGF-A production and thus lymphatic growth in the cornea

(25, 29). Altogether, a vaccine toward HSV-1 and neutralizing Abs

to VEGF would likely drastically attenuate ocular pathology.

Although the increased number of HSV-specific CD8+ T cells in

the cornea after infection is not associated with enhanced ocular

pathology by clinical examination, the role of HSV-specific CD8+

T cells in viral surveillance and clearance in the cornea should not

be underestimated. We had previously described the importance of

CD8+ T cells in the CNS after HSV-1 infection (13) and hypothe-

sized these cells were also required in the cornea to contain the

virus. In the cornea of gBT-I.1 mice, the increased influx of HSV-

specific CD8+ T cells inversely correlated with viral titers 7 d

postinfection despite no other identifiable leukocyte phenotypic

difference between gBT-I.1 and WT mice. Moreover, neutralizing

CD8+ T cells enhanced gBT-I.1 mouse susceptibility to HSV-1 as

seen by an increase in viral titer of CD8+ T cell-depleted gBT-I.1

mice. Overall, the results point to a clear role for CD8+ T cells as

a contributing cell population in viral surveillance of the cornea.

The unique recruitment of CD8+ T cells in gBT-I.1 mice could

not be explained by chemokine production because of deficiencies

in T cell chemoattractants CXCL9, CXCL10, and CCL5 pro-

duction (41–43) compared with that in WT mice. Thus, circulating

gBT-I.1 HSV-specific CD8+ T cells were evaluated for CCR5 and

CXCR3 expression. Even though the proportion of CD8+ T cells

expressing CXCR3 was significantly higher in gBT-I.1 than WT

mice, this may not explain the story in its entirety. Although the

importance of CXCR3 in regulating CD8+ T cell trafficking is

well described (27, 44), the role of chemokines and their receptors

has expanded beyond strict immune trafficking to include func-

tions of activation and immune suppression. CXCR3 has been

shown to contribute to CD8+ T cell activation in response to HSV-

2 (45) and may initiate similar events in the cornea. Although we

did not explore the exact deficiency, we speculate that gBT-I.1–

CXCR32/2 mice harbored more virus in the cornea than did gBT-

I.1 mice due to a loss of CD8+ T cell trafficking and activation. We

surmised that as a higher percentage of circulating CD8+ T cells

from gBT-I.1 mice expressed CXCR3 than the percentage of

circulating CD8+ T cells from WT mice that expressed CXCR3,

the trafficking disparities and potentially increased activity/IFN-g

production of gBT-I.1 leukocytes is, in part, due to this phenom-

enon. This is supported by previous work in which CXCR32/2

-deficient mice have significantly higher viral titers than WT

controls 7 d postinfection in the cornea proper (46). However,

another group did not report similar findings (47) indicating the

role of CXCR3 in the recruitment of lymphocytes and contain-

ment of virus in the cornea remains controversial.

Collectively, the results firmly establish a role for HSV-specific

CD8+ T cells in viral containment in the cornea, a role long at-

tributed to CD4+ T cells. Furthermore, the levels of HSV-1 do not

correlate with severity of ocular pathology. Thus, the CD8+ T cell

immune response to HSV-1 in the cornea contains the virus but

does result in a reduction of pathologic outcomes (hemangio-

genesis), reiterating the major role of immune-mediated destruc-

tion of the cornea after infection. However, CD8+ T cell

expression of VEGF isoforms results in lymphatic growth into

the cornea proper suggesting some role of CD8+ T cells in lym-

phangiogenesis.
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