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SUMMARY

Recent studies in animal models of genital chlamydial disease revealed that early recruitment of

dendritic cells and speci®c T helper type-1 (Th1) cells into the genital mucosae is crucial for reducing

the severity of the acute phase of a cervico-vaginal infection and arresting ascending disease. These

immune effectors are therefore important for preventing major complications of genital chlamydial

infection. Other in vitro studies showed that intercellular adhesion molecule-1 (ICAM-1) plays a role

in the antichlamydial action of speci®c CD4+ and CD8+ T cells. In the present study, we

investigated the clinicopathological consequences of ICAM-1 de®ciency during chlamydial genital

infection in ICAM-1 knockout (ICAM-1KO) mice, and analysed the cellular and molecular

immunological bases for any observed pathology or complication. Following a primary genital

infection of female ICAM-l±/± and ICAM-1+/+ mice, the intensity of the disease during the ®rst

3 weeks (as assessed by shedding of chlamydiae in the genital tract) was signi®cantly greater in

ICAM-1KO mice than in ICAM-1+/+ mice (P< 0.0001), although both ICAM-l±/± and ICAM-1+/+

mice subsequently cleared the primary infection. There was greater ascending disease during the

initial stage of the infection, and a higher incidence of tubal disease (hydrosalpinx formation) after

multiple infections in ICAM-l±/± mice. Analysis of the cellular and molecular bases for the increased

acute and ascending disease in ICAM-l±/± mice revealed that the high af®nity of ICAM-1 for

leucocyte function antigen type-1 is a property that promotes rapid activation of speci®c Th1 cells,

as well as their early recruitment into the genital mucosa. Moreover, ICAM-1 was more important

for naive T-cell activation than primed Th1 cells, although its absence delayed or suppressed

immune T-cell activation by at least 50%. Taken together, these results indicated that ICAM-1 is

crucial for rapid T-cell activation, early recruitment and control of genitally acquired Chlamydia

trachomatis.

INTRODUCTION

The obligate intracellular bacterium, Chlamydia trachomatis, is

the aetiological agent of the most common bacterial sexually

transmitted disease (STD) in the United States and several

other industrialized nations, including the United Kingdom

and Germany. A recent World Health Organisation report

revealed that 90 million of 500 million annual new global STDs

are attributed to C. trachomatis.1,2 In the United States, four

million reported annual cases of genital chlamydial infections

cost over two billion dollars.2,3 Of major pathophysiological

signi®cance is the potential for cervical disease in women to

spread into the upper genital tract, leading to serious

complications, such as pelvic in¯ammatory disease (PID),

Fallopian tube scarring, ectopic pregnancy and infertility.4 The

frequent insidious infections and the increasing incidence of

severe irreversible complications which may be the ®rst

symptoms of an infection support the mounting concern that

genital chlamydial disease poses a major threat to human

reproduction, well-being and national budgets. Control and

prevention strategies of high priority are frequent screening
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programmes to ensure early detection and treatments2,5 and the

administration of an ef®cacious vaccine.

The search for a chlamydial vaccine has led to the

development of several animal models for understanding the

pathogenesis and immunobiology of the disease, including the

de®nition of the relevant immune effectors that mediate

chlamydial immunity and the protective antigens that elicit

such responses. Recent studies in animal models of cervical and

ascending chlamydial disease suggested that rapid and early

elicitation and recruitment of certain immune effectors [i.e.

dendritic and T helper type 1 (Th1) cells] into the local genital

mucosae are crucial for reducing the intensity of and

terminating a cervico-vaginal infection, arresting ascending

disease,6±9 and are therefore important for preventing major

complications of the infection. The requirement for Th1 cells

and their noted cytokine, interferon-c (IFN-c), in the

acquisition of anti-chlamydial immunity in mice is well

established.7,10±13 The activation, recruitment and retention

of Th1 cells (and/or the precursors) in the genital mucosa

involve obligatory intimate interaction with accessory, infected

and non-infected cells via cell surface molecules that include the

gene products of the major histocompatibility complex,

addressins, co-receptors and co-stimulatory and adhesion

molecules.14,15 A detailed knowledge of the precise role of

each of these cellular and molecular entities in the overall host

response against Chlamydia is important for understanding the

host factors that govern vaccine ef®cacy, and the acquisition

and maintenance of immunity.

The intercellular adhesion molecules (ICAM-1, -2 and -3)

are prominent members of the immunoglobulin supergene

family that function as important addressins, along with their

receptors (i.e. the b2 integrins such as the leucocyte function

antigen type 1, LFA-1), in host defence and pathological

conditions. These functions include accessory, co-stimulatory

and adhesion molecules in antigen presentation, and T-cell

homing, activation, cytotoxicity, recruitment and retention in

tissues.14±17 Mice defective in ICAM-1 due to targeted

inactivation of the gene in embryonic stem cells suffer increased

circulatory neutrophil counts and reduced activation and

migration of leucocytes to sites of in¯ammation.18,19 Geneti-

cally engineered LFA-1 knockout mice have reduced T-cell

responses to mitogens, suppressed alloreactivity and dimin-

ished capacity to mount anti-tumour or anti-viral immune

responses.20,21 Also, leucocyte adhesion de®ciency (LAD) is a

human genetic disease characterized by defective expression or

complete absence of b2 integrins due to a mutation(s) in the

gene encoding the common b subunit (CD18) in LFA-1, Mac-1

and pl50,95 molecules.22 LAD patients suffer severe recurrent

bacterial infections, leucocytosis, progressive periodontitis and

hypoplasia of lymphoid tissues.

Among the three major ligands for LFA-1, ICAM-1

exhibits the highest af®nity while ICAM-3 has the lowest

af®nity.23,24 ICAM-1 and -3 (but not ICAM-2) are involved in

signal transduction following LFA-1 binding,25 suggesting that

in addition to binding interactions, each ICAM may play

different roles in lymphocyte activation and function. How-

ever, the relative roles of the ICAMs in host defence have not

been assessed in a relevant disease system in vivo; therefore, the

effect of the differential af®nities on the functional properties of

each ICAM in T-cell activation, recruitment and function in

protective immunity remain unclear. Previous studies investi-

gating the role of lymphoepithelial interaction in anti-

chlamydial immunity indicated a signi®cant role for the

integrins and their counter-receptors in the intracellular

inhibition of C. trachomatis in mice.26±28 Thus, as compared

with cytokine-induced chlamydial inhibition in epithelial cells,

direct epithelial±T-cell interaction enhanced chlamydial inhibi-

tion by cytokine-secreting murine T lymphocyte clones in

vitro.26,27 Antibody blocking studies indicated that the

enhanced anti-chlamydial action under the condition of

epithelial±lymphocyte interaction was associated with the

ICAM-1/LFA-1 adhesion molecule binding pathway.29

Increased ICAM-1 expression by chlamydial-infected target

cells also enhanced their lysis by speci®c CD8+ cytotoxic T

lymphocytes in vitro.28 To clarify the role of the ICAM-1/LFA-

1 pathway in chlamydial immunity in vivo, the growth of C.

trachomatis was analysed in genetically engineered ICAM-1

knockout (KO) mice to determine how ICAM-1 de®ciency

affects certain cellular and molecular immune parameters that

are required for chlamydial immunity. The results revealed that

the high af®nity of ICAM-1 for LFA-1 is important for the

rapid and early T-cell activation, which is required for

controlling the early or acute phase of genital chlamydial

infection.

MATERIALS AND METHODS

Chlamydia stocks and antigens

Stocks of C. trachomatis agent of mouse pneumonitis (MoPn)

used to infect mice in vivo were prepared by propagating

elementary bodies (EB) in McCoy cells, as previously

described.30 Stocks were titred by infecting McCoy cells with

varying dilutions of EBs, and the infectious titre was expressed

as inclusion-forming units per millilitre (IFU/ml). Chlamydial

antigen was prepared by growing MoPn in HeLa cells and

purifying EBs over renogra®n gradients, followed by inactiva-

tion under ultraviolet (UV) light for 3 hr.

Animals, infection and analysis of the course of the disease

Female ICAM-1±/± and ICAM-1+/+ mice on (C57BL/6J)

background, 5±8-week-old, were obtained from The Jackson

Laboratory, Bar Harbor, MA. All animals were fed with food

and water ad libitum, and maintained in laminar ¯ow racks

under pathogen-free conditions of 12-hr light and 12-hr

darkness. Mice were infected intravaginally with 107 IFU of

MoPn per mouse in a volume of 30 ml of phosphate-buffered

saline (PBS) while under phenobarbitol anaesthesia. The

course of the infection was monitored by periodic (every

3 days) cervico-vaginal swabbing of individual animals.

Chlamydia was isolated from the swabs in tissue culture

according to standard methods and inclusions were visualized

and enumerated by immuno¯uorescence.30 The animals were

monitored for at least 4±6 weeks, a time period that spans the

course of MoPn infection in mice.8 Infected mice did not show

any clinical evidence of overt pathology beside the shedding of

chlamydiae in their genital tracts, suggesting that the inoculum

was not lethal for the animals. Experiments were repeated to

include 10 or 12 animals per experimental group.

Assessment of ascending infection

MoPn was isolated from the upper genital tracts of mice at

different times after infection as follows: mice were infected
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intravaginally with 107 IFU of MoPn per mouse as previously

described.30 At the indicated times after infection, a portion of

the reproductive system between the uterus and the ovaries of

each mouse was removed, teased with forceps and tissue

homogenates were collected in 1 ml PBS. Chlamydia was

isolated from the homogenate in tissue culture according to a

standard immuno¯uorescence staining method.30

Cytokines, monoclonal antibodies (mAbs) and other reagents

Enzyme-linked immunosorbent assay (ELISA) kits for quanti-

fying the amounts of murine cytokines in biological and

culture ¯uids were purchased from BioSource International,

Camarillo, CA. Chlamydial isolation from cervico-vaginal

swabs in tissue culture was assayed by staining infected

monolayers of McCoy cells with ¯uorescein isothiocyanate

(FITC)-labelled, genus-speci®c anti-chlamydial antibodies

(Kallestad Diagnostics, Chaska, MN) to detect chlamydial

inclusions by direct immuno¯uorescence.30

Fluorescence-activated cell sorting (FACS) analysis

Single cell preparations from the indicated organs and tissues

of ICAM-1±/± and ICAM-1+/+ mice were stained with FITC-

labelled mAbs directed against murine CD3, CD4, CD8, CD54

(ICAM-1), CD71 (transferrin receptor), CD102 (ICAM-2),

MadCAM-1, natural killer (NK), major histocompatibility

complex class II (MHC-II) and Mac-1 antigens, according

to the manufacturer's protocols (BioSource International).

Stained cells were analysed on a FACScan Flow Cytometer

(Becton-Dickinson, Sunnyvale. CA) using controls stained

with isotype-matched irrelevant antibodies. The results are

expressed as the proportion (%) of positively stained cells in the

cell preparation.

Assessment of chlamydia-speci®c Th1 cell response and

recruitment into the genital tract

The level of Th1 response and recruitment into the genital

mucosa was determined by measuring the response of

chlamydial-speci®c, IFN-c-secreting T cells in the genital tract

tissues of infected mice, as previously described.7 Brie¯y,

immune T cells were prepared from the genital tract tissues of

infected mice by the collagenase digestion method31,32 as

follows: at the indicated time after infection, animals in each

group were killed and the genital tract between the vagina and

ovaries (i.e. the cervix, uterus and Fallopian tubes) was excised

and placed in sterile HEPES-buffered RPMI-1640 culture

medium (Atlanta Biologicals, Norcross, GA). Explants were

transferred to 7 ml of 0.6 mg/ml ®lter-sterilized type I

collagenase (Atlanta Biologicals). The tissues were minced,

incubated at 37u for 45±60 min, then teased with forceps, and

passed through a cell strainer. Following washing, the cells

were enriched for T cells by the nylon wool adherence

method.10,32 Puri®ed genital tract cells contained at least

97% CD3+ cells, as determined by FACS analysis.

The level of response of chlamydial-speci®c Th1 cells

induced into genital tissues was assessed by seeding puri®ed

T cells into 96-well tissue culture plates (Costar, Cambridge,

MA) at 2r105 cells per well with syngeneic antigen-presenting

cells (APC; 2r105 cells per well), in the presence or absence of

UV-inactivated MoPn EBs as antigen at 10 mg/ml. Antigen-

presenting cells were c-irradiated (2000 rads) spleen cells from

syngeneic wild-type mice. After 3 or 5 days of incubation in

humidi®ed incubators at 37u and 5% CO2, the supernatants

were collected and stored at ± 70u until assayed for IFN-c
content. It was previously shown that culture-derived IFN-c by

this procedure possesses biological activity as determined by

the ability of IFN-c-containing supernatants to protect L929

cells from infection by encephalomyocarditis virus.10

The amounts of IFN-c contained in supernatants derived

from culture-stimulated cells and controls were measured using

a speci®c ELISA kit (CytoscreenTM Immunoassay Kit;

BioSource International) according to the supplier's instruc-

tions. The concentration of the cytokine in each sample was

obtained by extrapolation from a standard calibration curve

generated simultaneously. Data were calculated as the mean

values (�SD) of triplicate cultures for each experiment. The

results were derived from at least three independent experi-

ments.

Measurement of ef®ciency of antigen presentation by splenic

APCs from ICAM-1±/± and ICAM-1+/+ mice

The ef®ciency of antigen presentation by splenic APCs from

ICAM-1KO mice and wild-types was compared by assessing

the ability of c-irradiated whole spleen cells to present

chlamydial antigens to naive or immune T cells from infected

wild-type mice. Spleen cells from naive or chlamydial-infected

wild-type mice were enriched for T cells by the nylon wool

adherence method.10,32 Puri®ed splenic cells contained at least

97% CD3+ cells, as determined by FACS analysis. To assess

antigen-presenting function of c-irradiated splenic cells from

either ICAM-1KOs or control mice, 2r105 cells were co-

cultured with 2r105 nylon wool-puri®ed T cells in the presence

or absence of chlamydial antigen (i.e. UV-inactivated MoPn

EBs at 10 mg/ml) in 96-well tissue culture plates for 24, 48, 72,

96, or 120 hr. At the end of each incubation period, the

supernatants were collected and assayed for interleukin-2 (IL-

2) and/or IFN-c content by a quantitative ELISA (Cyto-

screenTM Immunoassay Kit; BioSource) according to the

supplier's instructions. The concentration of the cytokine in

each sample was obtained by extrapolation from a standard

calibration curve generated simultaneously. Data were calcu-

lated as the mean values (tSD) of triplicate cultures for each

experiment. The results were derived from at least three

independent experiments.

Statistical analysis

The levels of IL-2 or IFN-c in samples from different

experiments were analysed and compared by performing a

one- or two-tailed t-test, and the relationship between different

experimental groupings was assessed by analysis of variance

(ANOVA). Minimal statistical signi®cance was judged at P<0.05.

RESULTS

Analysis of genital chlamydial infection in ICAM-1+/+ and

ICAM-1±/± mice

To evaluate the relative ability of ICAM-1KO mice to resolve

genital chlamydial infection as compared to wild-type mice, the

course of the disease was followed in both types of mice, by

isolation of live chlamydiae from cervico-vaginal swabs, during

a 10-week period. This period spans the course of the disease in

immunocompetent wild-type mice.8 It was found that ICAM-
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1±/± mice suffered greater chlamydial burden than control mice

during the ®rst 3 weeks of intravaginal inoculation with C.

trachomatis (Fig. 1). There was a one to two log difference in

the number of inclusions isolated from the two groups of mice

during this early stage of the infection. The difference in

chlamydial shedding between ICAM-1±/± and ICAM-1+/+ mice

at each time-point during the early stages of the infection was

statistically signi®cant as assess by two-tailed t-test [P<0.08,

0.05, 0.01, 0.006, 0.016 and 0.018 for days 3, 6, 9, 12, 15 and 18

post-infection (p.i.), respectively]. However, by 42 days after

the infection, both knockouts and wild-type mice eventually

cleared the primary infection without overt clinical signs of

other complications. These results indicated that ICAM-1

plays a role in the ability of the mice to control acute genital

chlamydial infection during the early stage of the infection but

may not be required for ultimate resolution of disease.

Furthermore, it was previously shown that although there

was a signi®cant difference in cytokine and nitric oxide

secretions by splenic and peritoneal exudate cells from

ICAM-1±/± and ICAM-1+/+ mice, FACS analysis revealed

no alterations in the proportions of the cells expressing CD3,

CD4, CD8, LFA-1, ICAM-2, Mac-1 and MHC class II

antigens.29

The ®nding that ICAM-1 is required for controlling acute

genital chlamydial disease during the early stage of the

infection is of major signi®cance in an attempt to understand

the cellular and molecular factors that regulate the induction of

relevant immune effectors responsible for protecting against

certain complications of genital chlamydial infection. It was

therefore necessary to investigate in detail whether ICAM-1 is

central to early T-cell activation, recruitment and expression of

effector function. Several hypotheses were propounded and

tested as follows.

Severe acute disease in ICAM-1±/± mice is due to delayed

recruitment of Th1 cells into the genital tract

In initial studies, we tested the hypothesis that the greater acute

disease observed during early stages of genital chlamydial

infection in ICAM-1±/± mice is due to delayed recruitment and

retention of critical immune effectors relevant to protection and

immunity against Chlamydia. We investigated the recruitment

of one of these effectors, the Th1 cells, which are characterized

by IFN-c secretion in response to speci®c antigenic stimulation.

Figure 2 shows the recruitment of antigen-speci®c IFN-c-

secreting Th1 cells into the genital tracts of ICAM-1±/± and

ICAM-1+/+ mice during the acute (day 7 p.i) and later (day 27

p.i) stages of the infection. Th1 cells were essentially undetect-

able, or were barely detectable, in the genital tracts of ICAM-

1±/± mice during the ®rst week of infection (P<0.0001) but the

cells became detectable and essentially indistinguishable from

the level in control mice (P<0.680) by 3±4 weeks thereafter,

suggesting a slow or delayed recruitment. The results may

indicate that the severe acute genital chlamydial disease in

ICAM-l±/± mice is due to delayed recruitment of Th1 into the

genital tract, suggesting that ICAM-1 is important for rapid T-

cell activation and recruitment. However, since both the low-

af®nity ICAM-3, as well as the high-af®nity ICAM-1, could

transduce signal leading to T-cell activation,23,25 it was

important to directly test whether the high-af®nity ICAM-1 is

important for rapid T-cell activation.

Role of ICAM-1 in rapid T-cell activation.

We tested the hypothesis that the high-af®nity ICAM-1 is

responsible for rapid delivery of the co-stimulatory signal for

Day post-infection

ICAM-1+/ mice

ICAM-1-/- mice

Lo
g 1

0
IF

U
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l

Figure 1. Course of genital chlamydial infection in ICAM-1±/± and

ICAM-1+/+ mice. Female ICAM-1±/± and ICAM-1+/+ mice were

infected intravaginally with MoPn. The course of the infection was

monitored by periodic (every 3 days) cervico-vaginal swabbing of

individual animal. Chlamydia was isolated from the swabs in tissue

culture according to standard methods and inclusions were visualized

and enumerated by immuno¯uorescence.30 Results are expressed in

IFU/ml. Experiments were repeated to give l0 or l2 animals per

experimental group.

7 days P.I. 21 days P.I.

ICAM-1+/+ mice

ICAM-1-/- mice
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Figure 2. Recruitment of chlamydia-reactive Th1 cells after chlamydial

genital infection of ICAM-1±/± and ICAM-1+/+ mice. Nylon wool-

puri®ed T cells were isolated at the indicated time-points from genital

tract tissues of infected female ICAM-l±/± and ICAM-1+/+ mice. The T

cells were stimulated with APCs and chlamydial antigen for 5 days and

the amounts of IFN-c in the culture supernatants were measured by

ELISA as described in the Materials and Methods section. The

concentrations of IFN-c are expressed as the mean (pg/ml) of results

from different experiments. Control cultures that contained T cells and

APCs but without chlamydial antigen did not show any measurable

amounts of IFN-c and so the data are not presented in the results

shown.
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relatively early T-cell activation and function. Thus, the ability

of splenic APCs from ICAM-1±/± or ICAM-1+/+ mice to

activate chlamydial-reactive immune Th1 cells rapidly were

tested in short-term (within 3 days) and long-term (5 days)

cultures. The results presented in Fig. 3 show that in short-term

cultures 105 APCs from ICAM-1+/+ mice were not as ef®cient

at activating chlamydial-reactive immune Th1 cells to secrete

IFN-c as equivalent number of APCs from ICAM-1+/+ mice.

There was at least fourfold higher IFN-c response by immune

T cells in the presence of APCs from ICAM-1+/+ mice than

ICAM-1±/± mice (P<0.011). However, the ability of APCs

from ICAM-1±/± and ICAM-1+/+ mice to activate immune

T cells to secrete IFN-c in long-term culture was essentially

indistinguishable (P<0.880). These results demonstrated that

although ICAM-1 is required for rapid activation of primed

T cells, its absence only delays the activation process, which

may then involve other low-af®nity ligands, such as ICAM-3,

previously shown to be involved in T-cell activation signal-

ling.23,25

Role of ICAM-1 in the activation of naive vs. primed T cells

The dependence of naive T-cell activation on co-stimulatory

signals, including those delivered via the ICAM-1±LFA-1

pathway,33 would suggest that ICAM-1 de®ciency could impair

the ability of APCs to activate naive T cells even in long-term

cultures. In a kinetic study of the ability of APCs from ICAM-

1±/± and ICAM-1+/+ mice to activate naive or primed T cells in

cultures, we investigated the hypothesis that ICAM-1-de®cient

APCs would be impaired in their ability to activate naive Th1

cells in both short-term and long-term cultures. To increase the

sensitivity of the assayed activation process, we measured a

relatively early T-cell activation signal, IL-2 secretion, as an

indication of a productive chlamydial antigen presentation and

Th1 activation. Figure 4 reveals that APCs from ICAM-1±/±

mice were greatly impaired in their ability to activate naive

T cells during a 6-day culture period, as assessed by IL-2

secretion. Even at day 6 in culture, the IL-2 level measured in

the presence of APCs from ICAM-1±/± mice was less than 15%

of the level measured in the presence of APCs from ICAM-1+/+

mice (P<0.0001). However, the results presented in Fig. 5

show that the ability of APCs from ICAM-1±/± mice to activate

primed T cells in long-term culture was markedly improved

with time in culture, although they were not as potent as APCs

from ICAM-1+/+ mice. Thus, with time in culture there was a

dramatic improvement in IL-2 secretion in the presence of

APCs from ICAM-1±/± mice (approximately 10 pg/ml at 24 hr

to >60 pg/ml at 120 hr), whereas in the presence of APCs from

ICAM-1+/+ mice IL-2 levels were greater than 20 pg/ml at

24 hr and approximately 125 pg/ml at 120 hr (P<0.011).

These results clearly demonstrated that ICAM-1 is crucial for

the rapid activation of both naive and immune Th1 cells, and in

addition there is an absolute requirement for ICAM-1 for naive

T-cell activation against C. trachomatis.

To assess the relative contributions of the different ligands

of LFA-1 (i.e. ICAM-1, -2 and -3) to immune T-cell activation,

neutralizing mAbs directed against ICAM-1, -2 or LFA-1 were

used to block the response obtained during the 3-day culture

period. The gene encoding the murine ICAM-3 is yet to be

cloned and so no antibodies are presently available against

ICAM-3. The results presented in Fig. 6 reveal that anti-LFA-1

antibodies which simultaneously block costimulation via

the three ligands of LFA-1 (i.e. ICAM-1/LFA-1, ICAM-

2/LFA-1 and ICAM-3/LFA-1 pathways) essentially abrogated

chlamydial-speci®c T-cell activation for IL-2 secretion (i.e.

3-day culture                   5-day culture

ICAM-1+/+ APCs

ICAM-1-/- APCs

*(P = 0·011)
~ Fourfold

*
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N

-γ
(p

g/
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l)

Figure 3. Role of ICAM-1 in rapid T-cell activation. Nylon wool-

puri®ed immune splenic T cells (2r105/well) were isolated from

chlamydia-infected ICAM-1+/+ mice and stimulated with 10 mg/ml of

chlamydial antigen and l05 cells/well of APCs from either ICAM-1±/± or

ICAM-1+/+ mice. After 3 or 5 days of incubation the amounts of IFN-c

in the culture supernatants were measured by ELISA method. The

concentrations of IFN-c are expressed as the mean (pg/ml) of results

from different experiments. Cultures containing T cells and APCs but

without chlamydial antigen did not show any measurable amounts of

IFN-c and so the data are not presented.

Culture duration (hr)

ICAM-1+/+ APCs
ICAM-1-/- APCs

IL
-2

 (
pg

/m
l)

Figure 4. Role of ICAM-1 in the activation of naive T cells. Nylon

wool-puri®ed T cells were isolated from the spleens of naive ICAM-1+/+

mice. The T cells (2rl05/well) were stimulated with 10 mg/ml of

chlamydial antigen and 2rl05 cells/well of APCs from either ICAM-

1±/± or ICAM-1+/+ mice. At the indicated time of incubation the

amounts of IL-2 in the culture supernatants were measured by ELISA

as described in the Materials and Methods section. The concentrations

of IL-2 are expressed as the mean (pg/ml) of results from different

experiments. Cultures containing T cells and APCs but without

chlamydial antigen did not show any measurable amounts of IL-2 and

so the data are not presented.
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approximately 90% suppression) (P<0.0001). The presence of

anti-ICAM-1 (CD54) antibodies suppressed T-cell activation

by approximately 50% (P<0.006) but anti-ICAM-2 (CD 102)

had no effect (P<0.860). These results con®rmed those from

other experiments presented in Fig. 4 indicating that, although

ICAM-1 is absolutely required for signi®cant naive Th1

activation, it contributes but is not indispensable for immune

Th1 activation against C. trachomatis.

High incidence of ascending infections and tubal abnormalities

in chlamydia-infected ICAM-1±/± mice

Predictable clinico-pathophysiological consequences of the

delayed activation and recruitment of Th1 cells into the genital

mucosa of chlamydial-infected ICAM-1±/± mice include a high

incidence of ascending infection and tubal abnormalities, such

as hydrosalpinx and infertility. Thus, in these studies, we

analysed upper genital tract tissues between the uterus and the

ovaries from ICAM-1±/± and ICAM-1+/+ mice for microbio-

logical evidence of ascending infection, by isolating live

chlamydiae from homogenized tissues in culture, as previously

described.34 There was a greater incidence of ascending

infection in ICAM-1KO mice than controls during the 1st

and 2nd weeks of infection (approximately 60-and 90-fold,

respectively; Table 1) (P<0.011 and 0.0001 for week 1 and 2,

respectively), as assessed by the isolation of infectious

chlamydiae from upper genital tracts of infected mice. These

results suggested that the delayed T-cell activation in ICAM-

1-de®cient mice causes greater incidence of ascending infection

in the mice.

To examine whether the high incidence of ascending disease

in ICAM-1±/± mice was accompanied by clinical evidence of

upper genital tract diseases, we performed gross pathological

studies on infected ICAM-1±/± and ICAM-1+/+ mice to

compare the incidence of hydrosalpinx formation. The mice

were infected four times over a period of 54 weeks to increase

the incidence of tubal abnormalities.8,35 The reproductive

system (between the uteri and ovaries) was examined visually

for hydrosalpinx formation and haemorrhagic lesions. The

results summarized in Table 2 reveal that a greater number of

ICAM-1±/± mice (83.33%) suffered tubal abnormalities marked

by unilateral or bilateral hydrosalpinx affecting the uterine

horns or Fallopian tubes than control mice. One of the six

ICAM-1+/+ mice presented with a unilateral night-side

hydrosalpinx. The incidence of tubal disease in ICAM-1±/±

mice was statistically greater than that in ICAM-1±/± mice, as

analysed by z-test (P<0.0046). These results indicated that the

delayed T-cell activation associated with ICAM-1 de®ciency

Culture duration (hr)

ICAM-1+/+ APCs
ICAM-1-/- APCs

IL
-2

 (
pg

/m
l)

Figure 5. Role of ICAM-1 in the activation of immune T cells. Nylon

wool-puri®ed T cells were isolated from the spleens of genitally

chlamydial-infected ICAM-1+/+ mice. The T cells (2rl05/well) were

stimulated with 10 mg/ml of chlamydial antigen and 2rl05 cells/well of

APCs from either ICAM-1±/± or ICAM-1+/+ mice. At the indicated

times of incubation the amounts of IL-2 in the culture supernatants

were measured by ELISA as described in the Materials and Methods

section. The concentrations of IL-2 are expressed as the mean (pg/ml)

of results from different experiments. Cultures containing T cells and

APCs but without chlamydial antigen did not show any measurable

amounts of IL-2 and so the data are not presented.

Culture treatment

Control + Anti- + Anti- + Anti- + Anti-CD54
CD54 CD102 LFA-1 + anti-CD102

IL
-2

 (
pg

/m
l)

Figure 6. Contribution of LFA-1 and its ligands to immune T-cell

activation. Nylon wool-puri®ed T cells were isolated from the spleens of

genitally infected ICAM-1+/+ mice. The T cells (2r105/well) were

stimulated with 10 mg/ml of chlamydial antigen, APCs from ICAM-1+/+

mice, in the presence of neutralizing mAbs directed against LFA-1,

CD54 (ICAM-1), CD102 (ICAM-2) or a combination of anti-CD54 and

CD102. After 72 hr of incubation, the amounts of IL-2 in the culture

supernatants were measured by ELISA as described in the Materials

and Methods section. The concentrations of IL-2 are expressed as the

mean (pg/ml) of results from different experiments. Cultures containing

T cells and APCs but without chlamydial antigen did not show any

measurable amounts of IL-2 and so the data are not presented in the

results shown.

Table 1. Ascending infection in ICAM-l±/± and ICAM-1+/+ mice after a

primary genital infection with C. trachomatis

Group* Mean IFU/ml (range)

ICAM-1+/+ mice

Day 5 4.74 (0.0±16.40)

Day 10 1.54 (0.0±12.3)

ICAM-1±/± mice

Day 5 302.23 (94.16±614.10)

Day 10 142.52 (32.75±253.83)

*Each group contained at least six mice and the experiments were
repeated three times.
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may foster ascending infection that ultimately could lead to

obstructive disease, tubal damage and possibly infertility in

infected mice.

DISCUSSION

The physiological importance of certain biological molecules in

host defence and survival is usually better appreciated when the

encoding genes are amenable to manipulations that allow the

measurement of the effect in the intact individual. The

application of the gene knockout technology to animal models

of speci®c diseases furnishes a unique approach to the

molecular analysis of the role of speci®c biomolecules in

certain diseases in the intact animal. In this study, we have

applied gene knockout technology in a murine model of genital

chlamydial disease to analyse the role of ICAM-1 in the

immune control of genital chlamydial infection. This study has

revealed (for the ®rst time) that the high-af®nity binding of

ICAM-1 to its receptor, LFA-1, is important for rapid T-cell

activation and function, and also for recruitment and retention

of T cells in the genital mucosa. Of particular signi®cance is the

role of ICAM-1 in protecting against ascending chlamydial

disease that is pathognomonic for some of the severe

complications of chlamydial infection, including PID, tubal

scarring and other obstructive diseases.36

Among the three counter-receptors for LFA-1, ICAM-1

exhibits the highest af®nity for LFA-1 while ICAM-3 has the

lowest af®nity.23,24 From an immunological standpoint, high-

af®nity receptor-ligand binding could promote the rapid and

selective activation and expansion of high af®nity receptor-

bearing cells over low af®nity bearers. This selective activation

and expansion process is responsible for the phenomenon of

af®nity maturation during humoral immune responses, in

which the average af®nity of antibodies produced against an

antigen increases with subsequent challenge due to preferential

binding and possibly rapid activation and expansion of high-

af®nity immunoglobulin-bearing B cells over low-af®nity

binding clonotypes.37 Thus, the high-af®nity ICAM-1/LFA-1

pathway appeared to bestow a temporal advantage to ICAM-

1-bearing APCs to rapidly activate T cells. Moreover, although

both ICAM-1 and -3 are capable of signalling for T-cell

activation and function, it appears that the high-af®nity

binding of ICAM-1 induces rapid delivery of the co-

stimulatory signal upon engagement of the primary signal,

leading to early T-cell activation and function. This proposi-

tion is consistent with the results showing that ICAM-1

promotes rapid T-cell activation leading to early control and

prevention of the dissemination of chlamydiae or development

of complications of chlamydial genital infection. However,

as revealed in Table 2, the role of ICAM-1 in leucocyte

recruitment could also signi®cantly contribute to the greater

disease in ICAM-1KO mice. Besides, certain other, less

de®ned, differences between ICAM-1 and other ligands of

LFA-1 may also contribute to the observed effects. Further-

more, although the general role of ICAM-1 in T-cell activation

has been noted in previous studies, the current report

represents the ®rst demonstration that the effect of the

high-af®nity ICAM-1 is to promote rapid T-cell activation.

However, the ®nding that ICAM-1KO mice eventually cured

their genital chlamydial infection may indicate that either

ICAM-1 is only relevant for controlling acute disease at the

early stage of the infection or that ICAM-1 may not be

indispensable for ultimate resolution of disease. In addition,

the results could also suggest that in the absence of ICAM-1

other equally effective, albeit slower, mechanisms could

activate T cells to control chlamydial infection. In this context,

secretion of other less potent pro-in¯ammatory cytokines, such

as IL-6 and IL-1b, may lead to delayed effect and clearance. It

is conceivable that the greater acute disease suffered by ICAM-

1KO mice at the early stage of genital chlamydial infection

increased the incidence of ascending infection, leading to the

development of tubal complications, such as hydrosalpinx seen

in mice exposed to multiple genital infections. Thus, pre-

dictably, the infertility rate in chlamydial-infected ICAM-1KO

mice is likely to be high as well.

The present and previous studies have shown that ICAM-1

is absolutely required for naive Th1 activation, and signi®-

cantly contributes (although not indispensably) to immune Th1

activation against C. trachomatis.28,29 It is interesting that

dendritic cells, recently shown to be important in controlling

ascending chlamydial infection,6 have a high proclivity for

activating primary T-cell immune responses, especially speci®c

Th1 cells against several antigens,38±40 including chlamydial

antigens.41,42 Dendritic cells are highly potent APC, whose

robust capacity for ef®cient presentation of antigens for T-cell

activation is due to their high costimulatory ability that is

associated with an elevated density expression of co-stimula-

tors such as ICAM-1, LFA-3 and B7 molecules.43,44 Since the

motile dendritic cells are also the agents of antigen transporta-

tion across the strati®ed epithelia of the vagina and cervix to

the draining mucosal inductive sites for immune induction,45

the presence of high ICAM-1-bearing dendritic cells in the

genital mucosa would lead to rapid activation of Th1 cells

following genital chlamydial infection, thereby reducing

chlamydial multiplication, preventing ascending disease and

averting major complications of the infection. However, local

Table 2. Incidence of tubal abnormalities in ICAM-1±/± and ICAM-1+/+

mice after multiple genital infections with C. trachomatis

Group/animal # Observed pathology*

ICAM-1-/- mice:

#1 Bilateral hydrosalpinx

#2 Bilateral hydrosalpinx

#3 Left tubal hydrosalpinx and

in¯amed ovaries

#4 Left tubal hydrosalpinx

#5 No abnormalities observed

#6 Right tubal hydrosalpinx

ICAM-1+/+ mice:

#1 No abnormalities observed

#2 No abnormalities observed

#3 No abnormalities observed

#4 No abnormalities observed

#5 Right tubal hydrosalpinx

#6 No abnormalities observed

*For gross pathological studies, ICAM-1±/± and ICAM-1+/+ mice were
infected four times over a period of 54 weeks to increase the incidence of
tubal abnormalities. The reproductive system (between the uteri and
ovaries) was examined visually for hydrosalpinx formation and haemor-
rhagic lesions on one or both uterine tubes (i.e. unilateral or bilateral
hydrosalpinx). Table 2 summarizes the results obtained from six mice in
each group.
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factors that suppress ICAM-1 expression are likely to delay

Th1 cell activation, leading to ascending disease and develop-

ment of complication of chlamydial infection. In this respect,

hormonal ¯uctuations associated with the female menstrual

cycle have been shown to affect the epithelial thickness,

endocytic activity of epithelial cells, the distribution of

dendritic cells in the genital tract and the effectiveness of

mucosal vaccines.45±47 Susceptibility to genital reinfection by

C. trachomatis may be governed by the effects of these factors

on local immune effectors such as dendritic cells and T cells,

and their interactions in the epithelium. Thus, the estrous cycle

has been shown to in¯uence the development of infertility

following chlamydial infection.48

The signi®cance of ICAM-1 in immunity against chlamy-

dial disease can be realized from recent advisory public policy

recommendations on PID, suggesting that anti-chlamydial

vaccine-designing strategies could focus on preventing ascend-

ing infection that is pathognomonic for complications of

genital chlamydial disease.36,49 Thus, rational manipulation of

certain host conditions and factors capable of regulating local

or regional ICAM-1 expression could enhance the rapid

protective T-cell response to a vaccine, thereby preventing

ascending infection, and averting major complications of

genital chlamydial infection. Beside possible pharmacological

manipulation of ICAM-1 expression in mucosal tissues as a

strategy for boosting rapid Th1 response to control chlamydial

infection, recruitment of Th1 cells is also a mechanism for up-

regulating local ICAM-1 expression in the epithelium. Th1 cells

secrete IFN-c that induces ICAM-1 on epithelial cells, leading

to enhanced epithelial±T-lymphocyte interactions.50 Thus, the

anti-chlamydial action of Th1 cytokines, such as IFN-c, is at

multiple levels, including up-regulation of co-stimulatory and

adhesion molecules, and induction of anti-microbial processes,

such as tryptophan catabolism, iron deprivation and nitric

oxide secretion.51,52

These ®ndings from this study provide important insights

into the cellular and molecular immunological interactions

leading to protective immunity against genital chlamydial

disease, which may form the basis for designing a rational

intervention strategy against C. trachomatis infections.
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