Modulation of CD8ⴙ CTL Effector Function by
Fibroblasts Derived from the Immunoprivileged Cornea
Jared E. Knickelbein,1,2 Sherrie Divito,1,2 and Robert L. Hendricks2,3,4
PURPOSE. To examine the acquisition of lytic activity and interferon gamma (IFN-␥) production by herpes simplex virus
(HSV) type 1–specific CD8⫹ cytotoxic T-lymphocyte precursors (HSV-CTLps) after exposure to in vitro HSV-1–infected
fibroblasts derived from the immunoprivileged cornea (HSVcFb) or nonprivileged skin (HSV-sFb) or to in vitro HSV-1–
infected splenocytes (HSV-Spls) obtained from noninfected
mice.
METHODS. Chromium release assays were used to assess HSVCTL cytotoxicity, and flow cytometry was used to assess intracellular granzyme (Gr) B content and lytic granule exocytosis
through surface CD107a expression. In addition, the BLT esterase assay was used to assess functional GrA release. [3H]Thymidine incorporation and total CD8⫹ cell numbers, as
assessed by flow cytometry, were used to assess CTLp proliferation. ELISA and intracellular flow cytometric analysis were
used to assess CTL IFN-␥ production and release.
RESULTS. HSV-cFb, HSV-sFb, and HSV-Spl individually induced
strong cytotoxic and IFN-␥ responses by HSV-CTL. Simultaneous exposure to HSV-Spl and HSV-cFb virtually abrogated the
cytotoxic response while enhancing IFN-␥ production by HSVCTL. In contrast, exposure to HSV-sFb, in conjunction with
HSV-Spl, did not alter the cytotoxic or IFN-␥ response of HSVCTL compared with stimulation with either cell type alone.
Abrogation of the cytotoxic response after simultaneous exposure to HSV-Spl and HSV-cFb was associated with reduced
production, storage, or both of GrA and GrB but with unimpaired lytic granule release.
CONCLUSIONS. These findings suggest that an interesting regulatory circuit protects the cornea from the potentially damaging
effects of CD8⫹ T-cell cytotoxic function while maintaining
their ability to control virus replication through enhanced
production of the antiviral cytokine IFN-␥. (Invest Ophthalmol
Vis Sci. 2007;48:2194 –2202) DOI:10.1167/iovs.06-1321

T

he cornea, like other tissues that compose the visual axis,
enjoys a degree of immune privilege. For instance, histoincompatible corneal grafts are usually accepted.1 When such
grafts are rejected, a CD8⫹ cytotoxic T lymphocyte (CTL)

From the 1Graduate Program in Immunology and the Departments
of Ophthalmology, 3Molecular Genetics and Biochemistry, and 4Immunology, University of Pittsburgh School of Medicine, Pittsburgh,
Pennsylvania.
Supported by National Eye Institute Grants R01 EY010359 (RLH)
and P30-EY08098 (RLH); by an unrestricted research grant from Research to Prevent Blindness, Inc. (RLH); and by a grant from the Eye
and Ear Foundation of Pittsburgh (RLH).
Submitted for publication November 2, 2006; revised December
11, 2006; accepted February 26, 2007.
Disclosure: J.E. Knickelbein, None; S. Divito, None; R.L. Hendricks, None
The publication costs of this article were defrayed in part by page
charge payment. This article must therefore be marked “advertisement” in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Corresponding author: Robert L. Hendricks, Department of Ophthalmology, Eye and Ear Institute, Room 922, 203 Lothrop Street,
Pittsburgh, PA 15213; hendricksrr@upmc.edu.

response is not thought to have contributed.2 It is also well
documented that an inoculum of DBA-2 mastocytoma cells
(P815), which is rapidly rejected by BALB/c mice when administered subcutaneously, grows progressively in the immunoprivileged environment of the anterior chamber of the eye.3,4
CD8⫹ CTL precursors (CTLps) infiltrate these intraocular tumors but fail to differentiate into effector cells.5 A similar
phenomenon has been demonstrated in the mouse brain,6
which is also considered an immunoprivileged site. Together
these studies suggest that something within the immunoprivileged microenvironments of the cornea, ocular anterior chamber, and central nervous system may discourage the acquisition
of cytotoxic function by CTLp.
CD8⫹ CTLs have the potential to inhibit herpes simplex
virus (HSV) type 1 replication by lysing infected cells and by
producing antiviral cytokines, such as INF-␥ and tumor necrosis factor (TNF)-␣. Localized HSV-1 infection of the mouse
results in the activation, expansion, and arming of HSV-1–
specific CTLps in draining lymph nodes (DLNs).7–11 However,
direct ex vivo cytolytic function is difficult to detect from
DLN-derived CD8⫹ T cells,12 most likely because of low HSVCTLp frequency, the requirement for further expansion and
arming at the peripheral infection site, and rapid emigration of
activated CTL effectors from the DLN to the spleen and the site
of infection.13 In vitro culture, with or without antigen, of DLN
cells leads to rapid expansion and differentiation of CTLps,
allowing the detection of cytolytic function.10 Furthermore,
the acquisition of cytotoxic effector function has been correlated with cell cycle progression in murine14 and human15
CD8⫹ T cells.
We have observed that HSV-1 corneal infection results in
the expansion of HSV-CTLps in cervical and submandibular
lymph nodes that drain the ocular surface.7 Although CD8⫹ T
cells can infiltrate and protect HSV-1–infected skin16,17 and
sensory ganglia,18 –20 with most strains of HSV-1 they are
sparsely present in the infected cornea.21–24 Therefore, we
propose that the cornea might represent another immunoprivileged environment in which CTL proliferation and, therefore,
further cytolytic arming are discouraged. Our results establish
that corneal cells can participate in an interesting regulatory
circuit that selectively blocks an event in CD8⫹ T-cell cytolytic
arming while enhancing IFN-␥ production.
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MATERIALS

AND

METHODS

HSV-1 Corneal Infection
Female A/J mice (Jackson Laboratories, Bar Harbor, ME), 6 to 8 weeks
old, were anesthetized by intraperitoneal injection of 2.0 mg ketamine
hydrochloride and 0.04 mg xylazine (Phoenix Scientific, St. Joseph,
MO) in 0.2 mL HBSS (BioWhittaker, Walkersville, MD). The purified RE
strain of HSV-1 was prepared, and 1 ⫻ 105 plaque-forming units were
applied to the scarified corneas of A/J mice, as previously described.25
All experimental animal procedures were reviewed and approved by
the University of Pittsburgh Institutional Animal Care and Use Committee and adhered to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.
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Isolation of CD8ⴙ T Cells from the DLNs of
Infected Mice
At day 6 after infection, mice received intraperitoneal injections of 0.5
mg anti–CD4 monoclonal antibody (mAb; clone GK1.5; American Type
Culture Collection [ATCC], Manassas, VA) to eliminate possible regulatory influences of CD4⫹ T cells on CTLp differentiation. The resultant
cervical and submandibular DLN cells routinely contained 30% CD8⫹ T
cells and less than 1% CD4⫹ T cells (CD4⫺ DLN). In some experiments,
cell suspension was further enriched for CD8⫹ cells by negative selection with magnetic beads coated with a rat anti–mouse major histocompatibility complex (MHC) class II mAb. Bead preparation consisted
of incubating goat anti–rat IgG– coated beads (Biomag; PerSeptive
Biosystems, Framingham, MA) with rat anti–mouse MHC class II mAb
(ATCC no. TIB-120; designation, M5/114.15.2) at a concentration of 1
pg antibody per 5 ⫻ 107 beads. The beads were washed and added to
the cell suspension at a bead-cell ratio of 50:1. Three rounds of
magnetic separation removed the bound cells. Resultant cell suspensions were routinely greater than 95% CD8⫹ and less than 1% CD4⫹ T
cells, as assessed by flow cytometric analysis (CD8⫹ DLN).

Isolation of Corneal and Skin Fibroblasts
Fibroblasts were grown from fresh explants of corneas and skin of
noninfected mice. Eyes were enucleated, and corneas were sterilely
excised under a dissecting microscope. Abdominal skin was sterilized
with povidone iodine (Baxter Healthcare Corp., Deerfield, IL) and
shaved, and dermal biopsy samples were prepared. Both tissues were
cut into small pieces and digested with 150 U/mL collagenase type 1
(Sigma-Aldrich Co., St. Louis, MO) for 45 minutes at 37°C. Tissue pieces
were washed and cultured with 1 mL fibroblast growth medium
(DMEM containing 10% FBS and 20 mM HEPES) at 37°C in T25 flasks.
An additional 2 mL of growth medium was added to each flask at days
3 and 7 of culture. Cells were removed with trypsin and replated at day
10 (passage 1), day 12 (passage 2), and day 14 (passage 3). All cells
showed typical fibroblastoid morphology after passage 1. Cells from
passage 3 were used as stimulator cells and targets in cytotoxicity and
flow cytometric assays.

In Vitro Restimulation of DLN Cells
Spleens were sterilely excised from noninfected mice, and single-cell
suspensions were prepared as previously described.7 Spleen cells were
infected with HSV-1 at a multiplicity of infection (MOI) of 3 for 1 hour,
treated with mitomycin C (0.1 mg/mL) for 20 minutes, and washed 4
times before use as stimulator cells. Fibroblasts derived from the
immunoprivileged cornea (cFb) or nonprivileged skin (sFb) were
placed in wells of a 24-well tissue culture plate (2.5 ⫻ 105 cells/well)
and incubated overnight, and confluent monolayers were infected
with HSV-1 at an MOI of 0.1 to be used as stimulator cells. DLN cells
(2 ⫻ 106 cells/well) were suspended in culture medium (10% FCS, 10
mM HEPES, 0.05 mM 2-mercaptoethanol [ME] in RPMI-1640 medium)
as a source of CTLps. The CTLps were stimulated for 48 hours with
various combinations of HSV-Spl (1 ⫻ 106 cells/well), HSV-cFb, and
HSV-sFb in the wells of a 24-well tissue culture plate. Unless otherwise
indicated, all cultures received 10 U/mL recombinant murine IL-2
(rmIL-2; R&D Systems, Minneapolis, MN). Where indicated, cultures
received 100 g/mL anti–IL-2 receptor (␣-IL-2R) mAb (clone 7D4;
ATCC). Cultures were incubated for 48 hours. Culture supernatant
fluids were removed and analyzed for IFN-␥ content using an ELISA
assay. In vitro–restimulated DLN cells were isolated on a density gradient (Fico-lite LM; Atlanta Biologicals, Lawrenceville, GA) and were
used as effector cells in standard chromium (51Cr) release cytotoxicity
assays and flow cytometry– based assays. In some experiments, inserts
with cell-impermeable membranes (Transwell; Corning Costar Corp.,
Cambridge, MA) were used to prevent direct contact between different
cell populations while permitting free diffusion of soluble products.
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Cytotoxicity Assay
cFbs on their third passage were used as targets for all cytotoxicity
assays. Monolayers of cFbs in culture medium containing 0.5 U rmIFN␥/mL were exposed to 200 Ci 51Cr (Perkin Elmer, Wellesley, MA) for
16 hours. cFb monolayers were then infected with HSV-1 at an MOI of
10 for 2 hours. HSV-cFb was removed with trypsin, washed three
times, incubated at 37°C for 1 hour, washed again to minimize spontaneous 51Cr release, and resuspended in assay medium (5% FCS, 10
mM HEPES, 0.05 mM 2-ME in RPMI-1640 medium). Titrated numbers of
effector cells and 5 ⫻ 103 51Cr-labeled targets were mixed in roundbottomed microtiter plates at various effector-to-target (E:T) ratios.
Cytotoxic activity was measured in a 3.5-hour 51Cr release assay, as
described previously.7 Percentage of specific lysis was calculated as
(experimental release – spontaneous release)/(maximal release – spontaneous release) ⫻ 100.

IFN-␥ ELISA
Wells of a 96-well enzyme immunoassay (EIA) plate were coated
overnight with the capture antibody (rat mAb to mouse IFN-␥; clone
R46A2) and then were washed and incubated with blocking solution
(3% BSA in PBS) for 2 hours. The sample or standard was incubated in
the coated wells overnight. The plate was washed and incubated with
the biotinylated detection antibody (rat mAb to IFN-␥; clone XMG1.2)
for 1 hour, followed by incubation with streptavidin-conjugated horseradish peroxidase for 30 minutes. Wells were washed, and the substrate, TMB-ELISA, was added. After 3 minutes, the reaction was
stopped with 1 N H2SO4, and the amount of reaction product was
determined spectrophotometrically. The concentration of IFN-␥ in
each sample was determined from a standard curve obtained with
rmIFN-␥ (Biosource International, Camarillo, CA).

Flow Cytometry
Cultures of DLN cells were prepared as described except that the
mitomycin C–treated HSV-Spls were stained (DiI; Molecular Probes,
Carlsbad, CA) according to the manufacturer’s protocol, permitting
exclusion of these cells on analysis. After 48 hours of culture, cells
were either stained for surface makers and intracellular granzyme (Gr)
B or stimulated for another 6 hours with HSV-cFb in the presence of a
protein transport inhibitor (GolgiPlug; BD Biosciences, Franklin Lakes,
NJ) and stained for surface CD107a (LAMP-1, a marker of lytic granule
exocytosis) and intracellular IFN-␥. Nonspecific staining was inhibited
by pretreatment of cells with anti–mouse CD16/CD32 Ab (Fc␥ III/II
receptor; clone 2.4G2; BD PharMingen, San Diego, CA) before incubation with fluorochrome-conjugated antibodies for 30 minutes. The
following antibodies were used for surface staining (all from BD PharMingen): PE-Cy7– conjugated anti–CD8␣ (Ly-2; clone 53– 6.7), PE-conjugated anti–CD4 (clone RM4 –5), PerCP-conjugated anti–CD45 (30F11), FITC-conjugated anti–CD107a (clone 1D4B), and their respective
isotype control antibodies. Intracellular staining was performed (BD
Cytofix/Cytoperm Kit; BD Biosciences) according to the manufacturer’s instructions. Antibodies for intracellular staining included APCconjugated GrB (clone GB12) and its isotype (Caltag, Carlsbad, CA) and
APC-conjugated IFN-␥ (clone XMG1.2) and its isotype (BD PharMingen).

[3H]-Thymidine Incorporation
Enriched CD8⫹ T cells were cultured for 72 hours in wells of 96-well
culture plates, as described, with volumes and cell numbers adjusted
for the smaller culture well surface area. Cells were pulsed with
[3H]-thymidine (1 Ci/well) for the final 6 hours of culture. Cells were
then harvested onto glass fiber filter strips, and [3H]-thymidine incorporation was measured with a ␤-scintillation counter (1450 Microbeta
Wallac Trilux; Perkin Elmer, Wellesley, MA).

BLT Serine Esterase (Granzyme A) Assay
To assess functional GrA release, enriched CD8⫹ T cells from the
specified culture conditions were washed, resuspended in 30-L assay
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medium (5% FCS, 10 mM HEPES, 0.05 mM 2-ME in RPMI-1640 medium)
for spontaneous release or assay medium containing phorbol 12-myristate 13-acetate (PMA) and ionomycin for experimental release, and
incubated for 4 hours at 37°C. Cells were then centrifuged, and 20 L
supernatant from each condition was mixed with 180 L Tris-buffer
containing N-␣-benzyloxycarbonyl-L-lysine thiobenzyl ester (BLT) and
incubated at 37°C for 20 minutes. The resultant color reaction was
measured spectrophotometrically at 405 nm with a microplate autoreader (EL311; BioTek, Winooski, VT).

Statistical Analysis
Software (Prism; GraphPad, San Diego, CA) was used for all statistical
analyses. Where indicated, P values were calculated using the Student
t test when comparing two groups or one-way ANOVA with Bonferroni
posttest when comparing more than two groups. P ⬍ 0.05 was considered significant.

RESULTS
Inhibition of HSV-CTLp Differentiation
by HSV-cFbs
HSV-Spls are commonly used as stimulator cells to induce
HSV-CTLp differentiation into cytotoxic effector cells in
vitro. Therefore, we compared CTLp differentiation after 48
hours of restimulation with HSV-Spls or HSV-cFbs as stimulator cells. Unless otherwise indicated, all cultures received
exogenous IL-2. For all experiments, the source of HSVCTLp was DLN cells obtained 8 days after HSV-1 corneal
infection. DLN cells were enriched for CD8⫹ T cells by
depletion of CD4⫹ cells only (subsequently referred to as
CD4⫺ DLN) or of CD4⫹ and MHC class II⫹ cells (subsequently referred to as CD8⫹ DLN). HSV-cFbs were used as
targets in all cytotoxicity assays.
Stimulation of CD4⫺ DLN cells with HSV-Spls or HSV-cFbs
induced a strong cytotoxic response against HSV-1–infected
targets, though the response to HSV-cFbs was slightly
weaker than that induced by HSV-Spls (Fig. 1A). Interestingly, simultaneous exposure of the same CD4⫺ DLN cells to
a combination of HSV-Spls and HSV-cFbs resulted in almost
complete abrogation of the cytotoxic response. A similar
pattern of CTL activity was observed after stimulation of
CD8⫹ DLN cells. Stimulation of CD8⫹ DLN cells with HSVSpls or HSV-cFbs individually induced a strong cytotoxic
response to HSV-infected targets, whereas simultaneous
stimulation with HSV-Spls and HSV-cFbs failed to induce a
cytotoxic response (Fig. 1B). Because the patterns of CTL
activity produced by the two CD8⫹-enriched DLN populations were nearly identical, the two DLN populations were
used interchangeably in subsequent experiments.

Inhibition of HSV-CTLp Proliferation by HSV-cFbs
Acquisition of cytotoxic function was associated with blast
transformation, as assessed by FACS forward versus side scatter, and enhanced proliferation of CD8⫹ T cells. However,
CD4⫺ DLN cells that were simultaneously stimulated with
HSV-Spls and HSV-cFbs had approximately half the number of
blasting cells as those stimulated with HSV-Spls or HSV-cFbs
alone (Figs. 2A, 2B). Consistent with these observations, CD8⫹
DLN cells incorporated approximately half as much [3H]-thymidine when exposed to both types of stimulator cells compared with those cultured with HSV-Spls alone (Fig. 2C).
We hypothesized that an increased rate of apoptosis
might also have contributed to the reduced number of CD8⫹
blasts and reduced cytotoxic activity observed in cultures of
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FIGURE 1. CTLp differentiation is altered by simultaneous exposure to
HSV-1–infected corneal fibroblasts (cFb) and splenocytes (Spl). Eight
days after HSV-1 corneal infection, DLN suspensions enriched for
CD8⫹ T cells by CD4 depletion only (CD4⫺ DLN; A) or by CD4 and
MHC class II depletion (CD8⫹ DLN; B) were cultured for 48 hours with
1 ⫻ 106 HSV-1–infected Spls alone, with a monolayer of HSV-1–
infected cFbs alone, or with Spls and cFbs. Cells were then removed
from the cultures and exposed to 51Cr-loaded HSV-1–infected target
cells. Cytotoxicity was measured in a 3.5-hour 51Cr release assay.
Percentage of specific lysis against uninfected targets was less than 5%
for all culture conditions at all E:T ratios. Data are presented as mean ⫾
SEM of triplicate samples and are representative of three independent
experiments with nearly identical results. (A) Statistically significant
differences were obtained for the following comparisons: at E:T ⫽
40:1, CD4⫺ DLN⫹Spl⫹cFb versus CD4⫺ DLN⫹Spl (P ⬍ 0.01); and at
E:T ⫽ 20:1, CD4⫺ DLN⫹Spl⫹cFb versus CD4⫺ DLN⫹Spl or CD4⫺
DLN⫹cFb (P ⬍ 0.001). (B) Statistically significant differences were
obtained for the following comparisons: at E:T ⫽ 40:1, CD8⫹
DLN⫹Spl⫹cFb versus CD8⫹ DLN⫹Spl (P ⬍ 0.001) or CD8⫹ DLN⫹cFb
(P ⬍ 0.01); and at E:T ⫽ 20:1, CD8⫹ DLN⫹Spl⫹cFb versus CD8⫹
DLN⫹Spl or CD8⫹ DLN⫹cFb (P ⬍ 0.001).

CD8⫹ cells that were exposed to HSV-Spls and HSV-cFbs. To
test this hypothesis, cultures were stained with Annexin V,
which binds phosphatidylserine, a marker of early apoptosis. Low and equal frequency of CD8⫹ Annexin V⫹ apoptotic cells (less than 5%) was detected in cultures of CD8⫹
DLN cells exposed to HSV-Spls, HSV-cFbs, or both cell types
(data not shown). Thus, differential rates of apoptosis do not
account for the differences in expansion of HSV-CTL in
these cultures.
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FIGURE 2. CD8⫹ T-cell blast transformation and proliferation are inhibited by simultaneous exposure to HSV-1–infected corneal fibroblasts (cFb)
and splenocytes (Spl). Eight days after HSV-1 corneal infection, DLN suspensions enriched for CD8⫹ T cells by CD4 depletion only (CD4⫺ DLN;
A, B) or CD4 and MHC class II depletion (CD8⫹ DLN; C) were cultured with 1 ⫻ 106 HSV-1–infected DiI-labeled (A, B) or unlabeled (C) Spls alone,
with a monolayer of HSV-1–infected cFbs alone, or with Spls and cFbs. (A) Cells were then removed from the cultures after 48 hours, stained for
surface CD45 and CD8␣, and analyzed by flow cytometry. Cells undergoing blast transformation were identified based on forward angle and side
scatter, and CD45 was used to distinguish bone marrow– derived cells including CD8⫹ T cells. Cells derived from the DLN and Spls were
differentiated based on DiI staining, and blasting DiI⫺ CD8⫹ T cells were gated for further analysis. (B) The percentage of blasting DiI⫺ CD8⫹ T
cells was multiplied by the total number of cells retrieved from each culture to obtain the mean ⫾ SEM absolute number of blasting DLN-derived
CD8⫹ T cells per culture. The graph contains combined data from duplicate cultures of two independent experiments. (C) 3H-Thymidine (3H-T)
incorporation into cellular DNA was measured during the last 6 hours of a 72-hour culture as a measure of cellular proliferation. Data are recorded
as the mean ⫾ SEM 3H-T cpm in triplicate cultures of each group and are representative of three independent experiments with nearly identical
results. *P ⬍ 0.001.

HSV-cFbs Inhibit Development of Functional Lytic
Granules in HSV-CTL

4C) of CD8⫹ T cells produced IFN-␥ in CD4⫺ DLN cultures
containing HSV-Spls and HSV-cFbs.

To identify changes in the lytic machinery of CD8⫹ T cells on
simultaneous exposure to HSV-Spls and HSV-cFbs, we assessed
intracellular GrB content by fluorescence-activated cell sorter
(FACS) staining (Fig. 3A). Both the percentage (Fig. 3B) and the
absolute number (Fig. 3C) of CD8⫹ T cells containing GrB
were significantly reduced in CD4⫺ DLN cultures containing
HSV-Spls and HSV-cFbs compared with CD4⫺ DLN cultures
containing only HSV-Spls.
The BLT serine esterase assay was used to measure functional GrA release as further characterization of the content of
CD8⫹ T-cell lytic granules. Compared with CD8⫹ DLN cells
exposed to HSV-Spls alone, CD8⫹ DLN cells cultured with
HSV-Spls and HSV-cFbs secreted significantly less, if any, functional GrA (Fig. 3D). To rule out the possibility that CD8⫹ T
cells cultured with both types of stimulator cells may be incapable of releasing their lytic granules, we stained for the lysosomal-associated membrane protein 1 (LAMP-1 or CD107a) on
the surfaces of these cells during exposure to HSV-1–infected
targets in the presence of a protein transport inhibitor (GolgiPlug; BD Biosciences). Surprisingly, a slightly higher percentage of blasting CD8⫹ T cells from CD4⫺ DLN cultures that
were simultaneously stimulated with HSV-Spls and HSV-cFbs
were found to express CD107a compared with blasting CD8⫹
T cells from CD4⫺ DLN cells cultured with HSV-Spls alone (Fig.
3E). Therefore, it appears that CD8⫹ T cells cultured with
HSV-Spls and HSV-cFbs are capable of degranulating, but their
lytic granules are deficient in granzymes known to mediate
apoptosis.

Inhibition of CTLp Differentiation Requires Direct
Contact with HSV-cFb but Not with HSV-Spl

HSV-cFbs Enhance HSV-CTL IFN-␥ Production
Before the cytotoxicity assays were performed, supernatant
fluids were removed from in vitro restimulation cultures and
tested for IFN-␥ content by ELISA. Although CD4⫺ DLN cells
expressed low levels of cytotoxic activity after simultaneous
stimulation with HSV-Spl and HSV-cFb, supernatant fluids from
these cultures exhibited significantly higher levels of IFN-␥
than cultures stimulated with HSV-Spl or HSV-cFb alone (Fig.
4A). Moreover, intracellular FACS staining demonstrated that
an increased percentage (Fig. 4B) and absolute number (Fig.
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Transwell cultures were prepared with different combinations
of CD8⫹ DLN cells, HSV-Spls, and HSV-cFbs such that a cellimpermeable membrane separated particular cell types. After
48 hours of incubation, the CD8⫹ DLN cells were tested for
lytic activity against HSV-1–infected targets. Cytotoxic activity
was induced when CD8⫹ DLN cells were in direct contact with
HSV-Spls but were separated from HSV-cFbs (Fig. 5A). In contrast, CD8⫹ DLN cells failed to demonstrate lytic activity when
cultured in direct contact with HSV-cFbs and separated from
HSV-Spls. Thus, inhibition of the differentiation of CTLps into
cytotoxic effector cells appears to require direct contact with
HSV-cFbs that are exposed to a soluble factor(s) produced by
HSV-Spls.

Inhibition of CTLp Differentiation Requires HSV-1
Infection of Spleen Cells
We next wanted to determine whether HSV-1 infection of the
splenic stimulator cells was required for the observed inhibition
of CTLp effector differentiation in the presence of HSV-cFbs.
CD8⫹ DLN cells were cultured with HSV-cFbs for 48 hours in the
lower wells of Transwell chambers, separated from HSV-Spls,
noninfected spleen cells, or no spleen cells in the top chamber.
Differentiation of CTLps into effector CTLs capable of killing infected targets was only inhibited when the CD8⫹ DLN
cells and HSV-cFbs were exposed to soluble factors produced
by HSV-Spls (Fig. 5B). Therefore, one or more soluble products
produced by HSV-1–infected, but not noninfected, spleen cells
were required to confer an inhibitory phenotype on cFbs.

Inhibition of CTLp Differentiation Occurs
Downstream of IL-2 Signaling
Acquisition by CTLps of cytolytic activity and IFN-␥ production
when stimulated with HSV-Spls or HSV-cFbs was IL-2 dependent.
Failure to add exogenous IL-2 to restimulation cultures, in combination with neutralizing the effect of endogenous IL-2 by adding
an antibody to the IL-2 receptor, prevented the induction of
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FIGURE 3. Simultaneous exposure to HSV-1–infected corneal fibroblasts (cFb) and splenocytes (Spl) inhibits cytolytic arming but not degranulation
of CTLps. Eight days after HSV-1 corneal infection, DLN suspensions enriched for CD8⫹ T cells by CD4 depletion only (CD4⫺ DLN; A–C, E) or CD4
and MHC class II depletion (CD8⫹ DLN; D) were cultured for 48 hours with 1 ⫻ 106 HSV-1–infected DiI-labeled (A–C, E) or unlabeled (D) Spls
alone, with a monolayer of HSV-1–infected cFbs alone, or with Spls and cFbs. (A) Cells were then removed from the cultures, stained for surface
CD8␣ and intracellular GrB, and analyzed by flow cytometry. Cells undergoing blast transformation were identified based on forward angle and side
scatter, and CD8⫹ T cells derived from the DLN and Spls were differentiated based on DiI staining. Dot plots are representative of duplicate cultures
from two independent experiments. The percentage of blasting DiI⫺ CD8⫹ GrB⫹ T cells (B) was multiplied by the total number of cells retrieved
from each culture to obtain the mean ⫾ SEM absolute number of blasting DLN-derived CD8⫹ GrB⫹ T cells per culture (C). Graphs contain
combined data from duplicate cultures of two independent experiments. (D) Alternatively, the cells were removed from culture and resuspended
in medium alone (spontaneous release) or medium containing PMA and ionomycin (experimental release) for 4 hours. BLT esterase (GrA) activity
of culture supernatants was then measured spectrophotometrically. Values represent experimental release with spontaneous release subtracted.
Data are presented as the mean ⫾ SEM of triplicate samples and are representative of three independent experiments with nearly identical results.
(E) Cells were removed from the cultures and exposed to HSV-1–infected cFb targets at an E:T ratio of 5:1 in the presence of protein transport
inhibitor (GolgiPlug) and anti–CD107a mAb for 6 hours. Cells were then washed, stained for surface CD8␣, and analyzed by flow cytometry as in
(A). Dot plots are representative of two independent experiments.

cytotoxic activity and IFN-␥ production (Figs. 6A, 6B). Moreover,
pretreatment of CD8⫹ DLN cells with exogenous IL-2 for 16
hours completely abrogated the suppression of cytotoxic activity

after simultaneous stimulation with HSV-Spls and HSV-cFbs (Figs.
6C, 6D). Thus, simultaneous exposure to HSV-Spls and HSV-cFbs
inhibits an event downstream of the effect of IL-2 that is differen-

FIGURE 4. cFbs exposed to spleen cells do not inhibit IFN-␥ production by CTLp. Eight days after HSV-1 corneal infection, DLN suspensions
enriched for CD8⫹ T cells by CD4 depletion (CD4⫺ DLN) were cultured for 48 hours with 1 ⫻ 106 HSV-1–infected unlabeled (A) or DiI-labeled
(B, C) spleen cells (Spl), with a monolayer of HSV-1–infected corneal fibroblasts (cFb), or with Spls and cFbs. (A) IFN-␥ production measured by
ELISA of culture supernatants. Data are presented as the mean ⫾ SEM and are representative of three independent experiments with similar
response patterns. *P ⬍ 0.001. (B) Cells were removed from the cultures and exposed to HSV-1–infected cFb targets at an E:T ratio of 5:1 in the
presence of GolgiPlug for 6 hours Cells were then washed, stained for surface CD8␣ and intracellular IFN-␥, and analyzed by flow cytometry. Cells
undergoing blast transformation were identified based on forward angle and side scatter, and CD8⫹ T cells derived from the DLN and Spl were
differentiated based on DiI staining. Dot plots are representative of two independent experiments. (C) The percentage of blasting DiI⫺ CD8⫹
IFN-␥⫹ T cells was multiplied by the total number of cells retrieved from each culture to obtain the mean ⫾ SEM absolute number of blasting
DLN-derived CD8⫹ IFN-␥⫹ T cells per culture. Graph contains combined data from duplicate cultures of two independent experiments.
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FIGURE 5. Inhibition of CTLp differentiation requires direct contact with HSV-1–infected corneal fibroblasts (cFb) and HSV-1 infection of spleen
cells (Spl). (A) Eight days after HSV-1 corneal infection, DLN suspensions enriched for CD8⫹ T cells by CD4 and MHC class II depletion (CD8⫹ DLN)
were cultured for 48 hours with different combinations of 1 ⫻ 106 HSV-1–infected Spls and monolayers of HSV-1–infected cFbs in Transwell
cultures containing cell-impermeable membranes between the top and bottom chambers. SEM was less than 2% for all culture conditions at all E:T
ratios. (B) Cultures were prepared as in (A) except that the bottom chamber invariably contained CD8⫹ T cells and cFbs, whereas the top chamber
contained no Spls, uninfected Spls, or HSV-1–infected Spls. CD8⫹ T cells were then removed from the cultures and exposed to 51Cr-loaded
HSV-1–infected target cells. Cytotoxicity was measured in a 3.5-hour 51Cr release assay. Percentage of specific lysis against uninfected targets was
less than 5% for all culture conditions at all E/T ratios. Data are representative of three independent experiments with nearly identical results.

tially required for the development of cytotoxic activity, and this
inhibitory event can be bypassed by previous exposure to IL-2.

HSV-Spls Do Not Confer an Inhibitory Phenotype
on HSV-sFbs
To determine whether the inhibition of CTLp differentiation is a
property shared by fibroblasts derived from tissues that are not
immunoprivileged, HSV-sFbs were used alone or in combination
with HSV-Spls to stimulate CTLp differentiation. CD8⫹ DLN cells
exhibited only slightly decreased levels of cytotoxic activity when

stimulated with HSV-sFbs alone or with a combination of HSVsFbs and HSV-Spls compared with stimulation with HSV-Spls alone
(Fig. 7). Thus, the capacity of cFbs to inhibit CTLp differentiation
is not a universal property of fibroblasts from all tissues.

DISCUSSION
CD8⫹ T cells use two types of effector mechanisms to provide
protection against viral infections: cytotoxicity mediated by
lytic granule exocytosis or death receptor interactions and

FIGURE 6. Exogenous IL-2 is required for the acquisition of CLTp
cytotoxic function, and pretreatment
of CTLps with IL-2 abrogates inhibition of cytotoxic function on exposure to HSV-1–infected splenocytes
(Spl) and HSV-1 infected corneal fibroblasts (cFb). Eight days after
HSV-1 corneal infection, DLN suspensions enriched for CD8⫹ T cells
by CD4 and MHC class II depletion
were cultured for 48 hours with 1 ⫻
106 Spls and a monolayer cFbs. (A, B)
Cultures received 10 U/mL rmIL-2,
medium alone (No IL-2), or medium
plus ␣-IL-2R mAb (No IL-2 ⫹ ␣IL-2R)
for the duration of the culture. (A)
Cells were removed from the cultures and exposed to 51Cr-loaded
HSV-1–infected target cells. Cytotoxicity was measured in a 3.5-hour 51Cr
release assay. Statistically significant
differences (P ⬍ 0.05) were obtained
between all three groups at both E:T
ratios. Percentage of specific lysis
from control cultures that received
medium only plus an isotype control
antibody was nearly identical with
that of cultures that received medium only (not shown). (B) Before
cytotoxicity assays, culture supernatants were tested for IFN-␥ content by ELISA. (C, D) CTLps were pretreated with 10 U/mL IL-2 or medium only
for 16 hours before restimulation with HSV-Spls and HSV-cFbs and were analyzed. Percentage of specific lysis against uninfected targets was less
than 5% for all culture conditions at all E:T ratios. Data are presented as the mean ⫾ SEM of triplicate samples and are representative of at least
two independent experiments with nearly identical results.
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FIGURE 7. HSV-1–infected skin fibroblasts (sFbs) do not inhibit CTLp
acquisition of cytotoxic function. Eight days after HSV-1 corneal infection, DLN suspensions enriched for CD8⫹ T cells by CD4 and MHC
class II depletion (CD8⫹ DLN) were cultured for 48 hours with 1 ⫻ 106
HSV-1–infected spleen cells (Spl) alone, with a monolayer of sFb alone,
or with Spls and sFbs. Cells were then removed from the cultures and
exposed to 51Cr-loaded HSV-1–infected target cells. Cytotoxicity was
measured in a 3.5-hour 51Cr release assay. Percentage of specific lysis
against uninfected targets was less than 5% for all culture conditions at
all E:T ratios. Data are presented as the mean ⫾ SEM of triplicate
samples and are representative of three independent experiments with
nearly identical results. Statistically significant differences were obtained when comparing CD8⫹ DLN⫹Spl versus either CD8⫹
DLN⫹Spl⫹sFb or CD8⫹ DLN⫹sFb (P ⬍ 0.001) at both E:T ratios.

production of antiviral cytokines, such as IFN-␥ and TNF-␣.
Given that virus-specific CD8⫹ T cells can recognize viral
peptides expressed on infected cells before progeny virus is
produced,26 they can limit through cytokines or eliminate
through cytotoxicity the source of virus and establish a cytokine-induced antiviral state in surrounding cells. However, cytotoxicity could lead to a permanent loss of tissue function if
the infected cell is vital to the functioning of the tissue or
cannot be regenerated. Corneal function requires tissue clarity,
which in turn is dependent on the appropriate conformation of
the extracellular matrix that composes the corneal stroma.27
Proper corneal architecture is maintained by corneal keratocytes that produce the extracellular matrix of the corneal
stroma and by corneal endothelial cells that control corneal
hydration.28 Destruction of keratocytes and their replacement
by myofibroblasts leads to scar tissue formation; destroyed
corneal endothelial cells are not replaced. Thus, destruction of
these corneal cells by CD8⫹ T cells would only be desirable
when viral damage to the cell is irreversible. Tissues such as
the cornea would benefit from a mechanism to selectively
stimulate virus-specific CD8⫹ T cells to produce antiviral cytokines while actively inhibiting their cytotoxic function.
Certain immunoprivileged tissues, such as the uveal tract of
the eye5 and the brain,6 have acquired the capacity to inhibit
CTLp differentiation into cytotoxic cells. This study describes a
novel regulatory circuit in which cFbs, in the proper inflammatory setting, can selectively inhibit the proliferation and lytic
granule–mediated cytotoxic function of HSV-1–specific CD8⫹
T cells while stimulating their production of the antiviral cytokine IFN-␥.
By 8 days after corneal infection, the HSV-1–specific CD8⫹
T-cell response peaks in the DLN, but most of these cells are
CTLps that exhibit minimal cytotoxic activity against HSV-1–
infected targets directly ex vivo. Stimulation of HSV-1–specific
CTLps with HSV-1–infected splenocytes in vitro resulted in
their blast transformation, proliferation, and production and
storage of cytotoxic effector molecules, such as GrA, GrB, and
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perforin, in lytic granules.29 This may reflect events that occur
when CTLps infiltrate sites of HSV-1 infection. Interference
with the expansion of HSV-1–specific CD8⫹ T cells or the
loading or directed release of their lytic granules could all
result in impaired cytotoxic function.
Our current findings demonstrate that HSV-cFbs are sensitive to the lytic activity of HSV-1–specific CTLs and that HSVcFbs and HSV-Spls can individually stimulate CTLp differentiation into effector cells capable of cytotoxic function and IFN-␥
production. Thus, HSV-cFbs and HSV-Spls appear to efficiently
process and present viral antigens in the context of MHC class
I for recognition by the CD8⫹ T-cell receptor. However, when
HSV-CTLps are exposed simultaneously to HSV-cFbs and HSVSpls, they fail to acquire cytotoxic function, though their IFN-␥
production is actually increased. The reason for the increased
IFN-␥ production in response to the combined stimulator cells
was not clear because the numbers of both types of stimulator
cells were titrated to provide optimal stimulation. It is conceivable that increased IFN-␥ production resulted from prolonged
exposure to infected targets because of the failure of CD8⫹ T
cells to acquire lytic activity.
The proliferation and blast transformation of DLN CD8⫹ T
cells were reduced by 50% when stimulated with HSV-cFbs and
HSV-Spls compared with stimulation with either cell type
alone, but this did not reflect a failure to expand HSV-specific
CTLs as the absolute number of IFN-␥–producing blast cells,
and the number of cells that released lytic granules was actually
increased in these cultures. Apparently, the reduced proliferation and blast transformation resulted from reduced bystander
activation of HSV-nonspecific CD8⫹ T cells. Because HSV-specific CTLs expanded normally and released lytic granules when
exposed simultaneously to HSV-cFbs and HSV-Spls, we tentatively concluded that the reduced cytotoxic function in these
cultures resulted from failure to produce or store cytotoxic
effector molecules in lytic granules.
In agreement with this hypothesis is the flow analysis revealing significantly reduced production or storage of the lytic
granule component GrB in CD8⫹ T cells stimulated with HSVSpls and HSV-cFbs compared with those stimulated with HSVSpls alone. Although the lack of an antibody to mouse GrA
precluded direct analysis of GrA storage in CD8⫹ T cells, their
ability to release functional GrA (BLT esterase assay) was completely abrogated by simultaneous exposure to HSV-Spls and
HSV-cFbs. Because their ability to release lytic granules
(CD107a assay) was not compromised, this observation
strongly suggested that simultaneous exposure to HSV-Spls and
HSV-cFbs inhibited the production and/or storage of GrA and
GrB in lytic granules of HSV-specific CTL. Given that GrA and
GrB are the lytic granule components primarily responsible for
inducing apoptosis in target cells, these findings suggest that
the lack of cytotoxic activity of CD8⫹ T cells after simultaneous
exposure to HSV-Spls and HSV-cFbs resulted from a failure in
the development of functional lytic granules.
The mechanism(s) by which CTLp differentiation into cytotoxic effector cells is inhibited during combined exposure to
HSV-cFbs and HSV-Spls is unclear. Our data establish that inhibition requires direct contact with HSV-cFbs but not with
HSV-Spls. Thus, cFbs acquire the capacity to differentially regulate the acquisition of lytic function only when exposed to a
soluble factor produced by HSV-1–infected, but not noninfected, splenocytes. Characterization of the cellular source(s)
of the soluble factor is ongoing, but preliminary data suggest
that it is enriched in plastic adherent cells (our unpublished
observation). Because macrophages are present in the normal
cornea and more infiltrate after HSV-1 infection, the possible
involvement of macrophages in this regulatory circuit is suspected. The requirement for direct contact between CD8⫹ T
cells and cFbs suggests the involvement of a cell-surface mol-
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ecule that is expressed on cFbs when exposed to a soluble
splenocyte-derived factor. Interestingly, sFbs do not acquire
this inhibitory phenotype when exposed to HSV-Spls, suggesting that participation in this regulatory circuit is not a universal
property of fibroblasts and may be selectively expressed in the
immunoprivileged cornea.
A previous report showed that CD8⫹ T cells require a
higher density of epitope to produce IFN-␥ than is required for
cytotoxic function.30 Thus, the selective inhibition of cytotoxic function resulting from simultaneous exposure to HSVcFbs and HSV-Spls is probably not caused by an overall reduction of TCR signaling. Instead, it would appear that signaling
pathways leading to the production of lytic granule components and IFN-␥ can be differentially regulated. The bifurcation
of the signaling pathways leading to IFN-␥ production and lytic
function appears to be downstream of IL-2 signaling because
exposure to IL-2 is required for CTLp acquisition of both
effector functions. Moreover, pretreatment with IL-2 completely abrogated the inhibition of lytic activity resulting from
simultaneous exposure to HSV-Spls and HSV-cFbs. Thus, the
inhibited event that differentially regulates the production and
storage of GrA and GrB in lytic granules, but not IFN-␥ production, is downstream of IL-2 signaling. This interpretation is
consistent with a study demonstrating differential gene expression for lytic granule components and IFN-␥.31 Moreover, ligation of CD8⫹ T-cell MHC class I–specific inhibitory receptors,
such as killer-cell immunoglobulinlike receptors (KIRs) in humans and CD94/NKG2A in humans and mice, can result in the
downregulation of T-cell activation and selective inhibition of
lytic granule-mediated cytotoxicity.32–37 Moreover, Qa-1, the
murine ligand of CD94/NKG2A, is expressed in the mouse
cornea.38 The involvement of such a mechanism is under
investigation.
Several ocular immunopathologies, including herpes stromal keratitis and corneal allograft rejection, appear to be mediated by immune components other than CD8⫹ CTLs.2,22–24
The current findings demonstrate that within a viral setting,
cFbs inhibit CTLp blast transformation, proliferation, and acquisition of cytotoxic function while enhancing their production of the antiviral cytokine IFN-␥. The results of this study
support the notion that under certain inflammatory conditions,
cFbs can inhibit CD8⫹ CTLp proliferation and differentiation,
thus abrogating their potentially damaging cytotoxic effects on
the cornea.
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