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SUMMARY

Lymphocyte recruitment into tissues involves interactions between adhesion molecules on vascular

endothelial cells and corresponding ligands on the lymphocyte surface. In the present study we

investigated the expression of four endothelial addressins in the vagina and their possible up-

regulation by interferon-c (IFN-c) in immune mice after vaginal challenge with herpes simplex virus

type 2. The adhesion molecules intercellular adhesion molecule-1 (ICAM-1) and vascular cell

adhesion molecule-1 (VCAM-1) were minimally expressed in the vagina of non-immune mice with

or without vaginal challenge and in immune mice before challenge, but both were up-regulated by

IFN-c, directly or indirectly, in immune mice after challenge. Mucosal addressin cell adhesion

molecule-1 (MAdCAM-1) was detected in most vaginas but was not up-regulated by IFN-c in

immune mice after virus challenge. E-selectin was not detected in any vaginas. The results suggest

that ICAM-1 and VCAM-1 may be involved in rapid, IFN-c-mediated recruitment of lymphocytes

to the vaginal mucosal of immune mice after local virus challenge.

INTRODUCTION

Recent studies have demonstrated a memory T-cell-dependent

secretion of interferon-c (IFN-c) in the vagina of herpes

simplex virus type 2 (HSV-2)-immune mice within 8 hr after

vaginal challenge with virus.1,2 The IFN-c secretion coincided

with a rapid increase (within 8 hr) in the number of

lymphocytes in the vagina (approximately 20-fold). Neutrali-

zation of the IFN-c in vivo with monoclonal antibody

eliminated the cytokine from vaginal secretions, increased

replication of challenge virus in the vaginal epithelium, blocked

recruitment of T lymphocytes to the vagina, and inhibited

recruitment of B lymphocytes.1 Rapid recruitment of T and B

lymphocytes to a site of antigen challenge in immunized

animals is not currently recognized as a function of IFN-c.3±7

Nevertheless, our data indicate that IFN-c was secreted in the

vagina of immune mice after local HSV-2 challenge and was

responsible for rapid recruitment of large numbers of

additional T and B lymphocytes to the vagina.

The lymphocytes that were recruited to the vagina appeared

to be derived from the blood, because large numbers of

lymphocytes were adherent to the endothelium of small veins in

the vagina of immune mice after virus challenge, but

lymphocytes were virtually absent from such vessels in immune

mice without challenge. In immune mice that were pretreated

with anti-IFN-c before vaginal challenge with virus, T

lymphocytes were virtually absent from the vessels and B-cell

numbers were reduced. Recruitment of leucocytes into tissues is

controlled by the vascular endothelium through its expression

of adhesion molecules. Leucocyte recruitment from the blood

involves multiple steps: an initial contact or rolling step that is

mediated by primary adhesion receptors; chemokine or

chemoattractant activation of secondary adhesion receptors;

®rm attachment; and transendothelial migration.5,8 Regulation

at any one of these steps can confer selectivity for a particular

leucocyte subset. The ability of cytokines to in¯uence

leucocyte±endothelial cell interactions and to modulate leuco-

cyte recruitment can be an important mechanism by which

cytokines control in¯ammation and immune responses. In

particular, IFN-c has been reported to modify endothelial cell

morphology in vitro,9 to increase expression of intercellular

adhesion molecule-1 (ICAM-1)10,11 and E-selectin12 on cul-

tured endothelial cells, to increase binding of lymphocytes to
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endothelial cells in vitro,12±14 to stimulate lymphocyte migra-

tion into skin,15,16 and to mediate lymphocyte recruitment

into sites of delayed-type hypersensitivity (DTH) reactions.15

Currently, however, little information is available concerning

the speci®c endothelial cell addressins that are regulated in vivo

by IFN-c to mediate lymphocyte recruitment in particular

in¯ammatory reactions. In the present study we investigated

the expression of four endothelial cell addressins in the vagina

and their regulation by IFN-c.

MATERIALS AND METHODS

Animals and virus

Female BALB/c mice were purchased from Harlan/Sprague-

Dawley (Indianapolis, IN) and were 10±20 weeks old when

used. They were housed in compliance with all institutional and

federal animal welfare requirements, and all experimental

procedures were approved by the institutional Animal

Care and Use Committee. The mice were used in a previous

study that involved in vivo depletion of IFN-c.1 Wild-type

TK+ HSV-2 and attenuated DTK± HSV-2, a strain that

contains a partial deletion of the thymidine kinase gene, were

generously provided by Dr Mark McDermott, McMaster

University, Hamilton, Canada.17,18

Vaginal immunization and challenge

Mice to be immunized were pretreated with 2.0 mg of Depo-

Provera1 (DP) (Upjohn Co., Kalamazoo, MI) in phosphate-

buffered saline (PBS) subcutaneously. Six days later they were

immunized by intravaginal (i.vag.) inoculation of 20 ml of

attenuated HSV-2 at 1.5r106 plaque-forming units (PFU)/ml.

Five weeks later, the immunized and age-matched non-immune

mice were treated with DP. Six days later, most of the mice in

each group were challenged by i.vag. inoculation of 20 ml of

wild-type HSV-2 at 3.5r106 PFU/ml. The immune/challenged

mice were killed at 8, 16, 24, 48 and 96 hr after challenge. Non-

immune/challenged mice were killed at 24, 32, 48, and 96 hr

after challenge. The remaining immune and non-immune mice

were not challenged with virus (the 0 hr groups). A total of 49

immune mice and 40 non-immune mice were used, with 5±10

mice per group.

In vivo depletion of IFN-c
The hybridoma cell line R4-6A2 (rat anti-mouse IFN-c) was

purchased from ATCC (Rockville, MD), and ascites ¯uid

containing the monoclonal antibody was produced by TSD

BioServices (Germantown, NY). The rat immunoglobulin G

(IgG) concentration in the ascites was 2.0 mg/ml. For in vivo

depletion of IFN-c, 10 additional immunized mice received

0.5 ml of ascites intraperitoneally 17 hr before vaginal

challenge with HSV-2. This treatment has been shown to

block recruitment of both CD4+ and CD8+ T cells to the

vagina of immune mice after virus challenge, and to block up-

regulation of major histocompatibility complex (MHC) class II

antigens in the vaginal epithelium of such mice.1 In contrast,

injection of anti-CD4 ascites had no effect on CD8+ cell

recruitment, anti-CD8 ascites had no effect on CD4+ cell

recruitment, and neither ascites was able to block up-regulation

of MHC class II antigens in the epithelium.19 Thus, the effect of

anti-IFN-c ascites on T-cell recruitment appears to be due to

antibody neutralization of IFN-c rather than to non-speci®c

effects of ascites ¯uid, and no non-immune or irrelevant ascites

pretreatment was used in the present study.

Tissues

For immunolabelling of vascular cell adhesion molecule-1

(VCAM-1), ICAM-1, and mucosal addressin cell adhesion

molecule-1 (MAdCAM-1), vaginas were ®xed with 2%

paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 (4u,
2 hr), washed with PBS containing 10% sucrose (4u, 2 hr),

embedded in optimum cutting temperature (OCT; Tissue-Tek,

Miles Scienti®c, Naperville, IL), frozen in isopentane cooled

with liquid nitrogen, and stored at x70u until needed. Cryostat

sections (5 mm) were mounted on silanized slides, air dried, and

stored with desiccant at x20u until needed. For immunolabel-

ling of E-selectin, portions of vaginas were embedded in OCT

without paraformaldehyde ®xation and frozen as above;

cryostat sections were then ®xed 10 min in acetone before

labelling.

Immunolabelling

For VCAM-1 labelling, sections of vagina were blocked in 2%

fetal calf serum, incubated in monoclonal rat anti-mouse

CD106 (VCAM-1, PharMingen, San Diego, CA), washed in

PBS, treated with 0.5% hydrogen peroxide in methanol,

washed in PBS, incubated in biotinylated goat anti-rat IgG

(Vector Labs Inc., Burlingame, CA) followed by streptavidin±

peroxidase (Zymed Labs Inc., San Francisco, CA), and

exposed to substrate (AEC kit; Zymed Labs). Non-immune

and immune mice without challenge and at all times after

challenge were compared using this three-step staining

procedure. Alternately, the effect of in vivo neutralization of

IFN-c on VCAM-1 (and MAdCAM-1) was evaluated by

staining with biotinylated antibodies, as rat anti-mouse IFN-c
in the interstitial space caused high background staining with

the three-step procedure. Thus, sections were treated as above

except that a biotinylated rat anti-mouse CD106 (PharMingen)

was used in place of the primary and secondary antibodies.

This staining method was used to compare the ascites-treated

and untreated immune mice at 24 hr after challenge. For

ICAM-1 labelling, sections were immersed in 0.10 M citrate

buffer, pH 6.8, and heated in a 780 W microwave oven at 30%

power until the buffer temperature reached 60u (approximately

1 min). Sections were then incubated in goat anti-mouse

ICAM-1 (Santa Cruz Biotechnology Inc., Santa Cruz, CA),

biotinylated rabbit anti-goat IgG (Vector Labs Inc.), and

streptavidin±peroxidase. The pretreatment in heated citrate

buffer increased the intensity of staining. MAdCAM-1 was

labelled using biotin anti-mouse MAdCAM-1 (MECA-89;

PharMingen) or rat anti-mouse MAdCAM-1 (MECA-367;

PharMingen) that was conjugated in our laboratory to biotin-

X-NHS (Calbiochem Corp., La Jolla, CA). E-selectin was

labelled as described for VCAM-1 except that the primary

antibody was monoclonal rat anti-mouse E-selectin, clone

10E9.6 (PharMingen), shown by the manufacturer to detect

E-selectin on histological sections of in¯amed tissues by

immunostaining and used on cryostat sections of un®xed

tissues as recommended. Speci®city of labelling was indicated

by the absence of staining when irrelevant rat IgG, normal goat

serum, or irrelevant biotinylated antibody was substituted for

the primary antibodies. Sections were counterstained with
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Gill's haematoxylin and mounted in Gelmount (Biomeda

Corp., Foster City, CA).

RESULTS

ICAM-1

Little, if any, immunostaining of ICAM-1 was observed in

vaginas of non-immune or immune mice that were not

challenged with virus or in vaginas of non-immune mice at

any time after challenge (Table 1; Fig. 1a). In contrast,

prominent labelling of ICAM-1 was present in basal cells of

the vaginal epithelium in immune mice at 8 and 16 hr after

challenge (Fig. 1b) and in the mucous epithelial cells at 16, 24

(Fig. 1c), and 48 hr. Weak labelling of ICAM-1 was also

observed in the endothelium of a few small venules located

close to the vaginal epithelium at 24 hr after challenge

(Fig. 1c), but not at any other time. The epithelial and

endothelial staining at 24 hr was markedly diminished by

in vivo neutralization of IFN-c (Fig. 1d).

VCAM-1

Little, if any, labelling of VCAM-1 was observed in vaginas of

non-immune or immune mice that were not challenged with

virus or in vaginas of non-immune mice at any time after

challenge (Table 1). However, labelling of VCAM-1 was

observed in the endothelial lining of small venules in the

vaginal mucosa and in arterioles in the muscle layer and

adventitia in immune/challenged mice from 8 to 96 hr after

challenge (Fig. 2a±c). All endothelial labelling at 24 hr after

challenge was abolished by in vivo neutralization of IFN-c

(Fig. 2d). Labelling was also present in patches of basal cells in

the vaginal epithelium of immune mice at 8 hr after challenge

(Fig. 2b), but this staining was diminished by 16 hr (Fig. 2c).

Table 1. Expression of adhesion molecules on vascular endothelium in vagina of immune mice after vaginal challenge with HSV-2

Time (h) after challenge

Adhesion molecules 0* 8 16 24 24{ 48 96

ICAM-1 0 0 0 + 0 0 0

VCAM-1 0/+ ++/+++ +++ +++ 0/+ NA ++
MAdCAM-1 0/+ 0/+ 0/+ 0/+ 0/+ ++ +

*The 0 hr group was not challenged with virus. Labelling of adhesion molecules in this group was similar to that observed in non-immune mice without
challenge and in non-immune mice at 24, 32, 48, and 96 hr after challenge. A total of 49 immune mice not treated with antibody to IFN-c, 10 immune mice
pretreated with IFN-c antibody, and 40 non-immune mice were used, with 5±10 mice per group. Data indicate both the intensity and extent of
immunolabelling, with 0 being none and +++ the darkest. Staining was consistent within groups, and comparisons were done at least twice for each
antibody using sections that were stained at the same time.
{Mice were treated with anti-IFN-c 17 hr prior to challenge.

Figure 1. ICAM-1 in the vagina. No labelling was detected in vaginas from non-immune/non-challenged mice (a). Labelling was

apparent in the basal layer of the vaginal epithelium (arrows) in immune mice at 8 hr after challenge (b) and in the mucous layer of the

epithelium (arrows) and in blood vessels (arrowheads) in the stroma at 24 hr after challenge (c). In immune mice that were pretreated

with anti-IFN-c ascites 17 hr before challenge, no labelling was seen in the vagina at 24 hr after challenge (d). L, lumen. r250.
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MAdCAM-1

Using biotin anti-mouse MAdCAM-1 (clone MECA-367),

weak immunolabelling was observed in a few small venules in

the vaginal stroma of non-immune and immune mice without

challenge (Fig. 3a) and in non-immune and immune mice at

several times after challenge (Table 1; Fig. 3b). The intensity

and frequency of labelling were greatest in immune mice at

48 hr after challenge. Labelling was restricted to the endothe-

lial lining of blood vessels in the stroma close to the vaginal

epithelium. Treatment with anti-IFN-c did not reduce staining

of MAdCAM-1 in immune mice at 24 hr after challenge

(Fig. 3b±c). No labelling was found in any vagina using

biotinylated anti-mouse MAdCAM-1 (clone MECA 89).

E-selectin

No labelling was found in any vagina using anti-mouse

E-selectin.

DISCUSSION

Our results indicate that vaginal challenge with HSV-2 in

immune mice triggered local memory T cells to secrete IFN-c
that in turn, directly or indirectly, up-regulated ICAM-1 and

VCAM-1 expression on vascular endothelium in the vagina.

This appears to be the ®rst direct evidence that IFN-c can up-

regulate VCAM-1 expression in vascular endothelium. Expres-

sion of both adhesion molecules was observed on the

endothelium of postcapillary venules, the vessels in which

lymphocyte adherence was observed in a previous study.1

Either or both of the adhesion molecules might thus be

involved in the rapid, IFN-c-mediated recruitment of T and B

lymphocytes to the vagina that was demonstrated in these same

mice.1 Studies using in vivo blocking of the adhesion molecules

with monoclonal antibodies are currently in progress to

determine whether they are in fact responsible for the

lymphocyte recruitment.

The suggestion that ICAM-1 and/or VCAM-1 may be

involved in lymphocyte recruitment in the vagina of immune/

challenged mice is consistent with previous observations

involving different in¯ammatory reactions. Thus, IFN-c up-

regulated ICAM-1 expression on vascular endothelium when

injected directly into the dermis in humans20 and when added

to the medium supporting skin organ cultures.21 Antigen

challenge in the skin of immune sheep induced rapid expres-

sion of VCAM-1 on vascular endothelium.22 In systemically

immunized and aerosol-challenged guinea-pigs, T-cell numbers

in the bronchial wall were increased about twofold at 24 hr

after challenge, and in vivo administration of antibody to very

late antigen-4 (VLA-4), the lymphocyte ligand for endothelial

VCAM-1, prevented the increase.23 Similar studies in mice

showed that antibodies to either VCAM-1 or VLA-4 inhibited

T-cell recruitment to lungs of immune mice after antigen

challenge, but antibodies to ICAM-1 or its ligand, lymphocyte

function-associated antigen-1 (LFA-1), had less effect.24

Neutralization of IFN-c in vivo caused a 50±90% reduction

in lymphocyte recruitment to the site of a DTH reaction,15 and

in vivo treatment with antibodies to VCAM-1, LFA-1, or

VLA-4 inhibited DTH reactions.25±27

E-selectin is an inducible adhesion molecule that mediates

selective homing of lymphocytes to in¯amed skin but not to

other in¯amed tissues.28 It is not expressed on the endothelial

cells of normal tissues,29±31 but it is rapidly induced in skin by

in¯ammatory cytokines including interleukin-1 (IL-1), tumour

necrosis factor-a (TNF-a), and lipopolysaccharide (LPS), and

Figure 2. VCAM-1 in the vagina of immune mice after challenge with wild-type virus. At 8 hr (a) and 16 hr (b) after challenge,

labelling was detected in patches of vaginal epithelium (arrows) and in the endothelium of blood vessels in the stroma (arrowheads). At

24 hr (c) after challenge, labelling was present in blood vessels but not in the vaginal epithelium. In immune mice that were pretreated

with anti-IFN-c ascites before challenge, no labelling was seen in the vagina at 24 hr after challenge (d). L, lumen. r250.
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this expression is enhanced and prolonged by IFN-c.30,31 E-

selectin is prominently expressed in skin during DTH reactions

and dermatoses of immunological aetiology, and it is expressed

in lymph node high endothelial venules during acute granu-

lomatous lymphadenitis.29,32 E-selectin has been shown to

mediate neutrophil adhesion, leucocyte migration into DTH

reactions, binding of a subset of memory T cells to dermal

endothelium, and recruitment of T helper 1 (Th1) but not Th2

cells into in¯amed skin.12,27,32x34 We did not detect E-selectin

in any of the vaginal tissues we examined using a sensitive

immunostaining procedure, indicating that its expression on

non-in¯amed vaginal endothelial cells was nil or very weak and

that it was not up-regulated during the period of rapid

lymphocyte recruitment in the immune/challenged mice. This

suggests that E-selectin probably does not play a signi®cant

role in the IFN-c-mediated recruitment of lymphocytes to the

vagina.

MAdCAM-1 is an endothelial adhesion molecule that is

expressed in the normal intestine and its associated lymphoid

tissues35±37 but not in muscle, brain, lung, salivary glands,

uterus or heart.36,37 In vivo administration of monoclonal

antibody to integrin alpha 4 beta 7, the lymphocyte ligand that

binds MAdCAM-1, blocked lymphocyte adhesion to mesen-

teric lymph nodes and T cell migration to Peyer's patches.38

The present study revealed constitutive expression of MAd-

CAM-1 in the endothelium of vaginal blood vessels, followed

by up-regulation in immune mice at 48 hr after challenge. The

in vivo administration of anti-IFN-c did not alter immunos-

taining of MAdCAM-1 at 24 hr, indicating that this adhesion

molecule probably is not directly involved in the IFN-c-

mediated recruitment of lymphocytes in immune/challenged

mice. This leaves open the possibility that MAdCAM-1 may

participate in the continuous low level of lymphocyte migration

to the vagina that is seen in non-immune mice and in immune

mice without challenge.39

Early studies of adhesion molecules in skin indicated that

ICAM-1 was induced on epidermal keratinocytes during DTH

reactions,40 and studies in vitro demonstrated adhesion of T

lymphoblasts to keratinocytes that was mediated by ICAM-1

and up-regulated by IFN-c.41 These observations suggested

that epidermal cells may actively participate in the traf®cking

of lymphocytes to the skin. In the present study we observed

that IFN-c up-regulated ICAM-1 and VCAM-1 not only in the

vascular endothelium but also in the vaginal epithelium. We

have previously shown that lymphocytes continuously recircu-

late through the vaginal epithelium and that the number of

such cells was markedly increased when immune mice were

challenged in the vagina with HSV-2.39 It is thus possible that

ICAM-1 and/or VCAM-1 may be involved in the migration of

lymphocytes not only in the epidermis but also through the

vaginal epithelium.
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