
Introduction
The immune response is the result of complex molecular
interplay of both soluble signaling molecules and immune
cell-expressed surface molecules. Among these molecules,
chemokines are highly bioactive inflammatory molecules
that play a major role in a variety of immune and inflam-
matory responses, acting primarily as chemoattractants
and activators of various leukocytes (1–3). To carry out
these functions, chemokines regulate a variety of mole-
cules. Among the important molecules regulated by
chemokine expression are adhesion molecules. As the
name suggests, adhesion molecules are thought to play
critical roles in both cell migration and cell–cell contact
during immune activation and expansion. During
immune or inflammatory response, lymphocytes leave the
circulation and migrate to the site of antigen exposure.
Adhesion molecules on lymphocytes and endothelial cells
mediate direct cellular contact, directing the migration and
trafficking of the leukocytes. In addition, adhesion mole-
cules play an important role in the binding of T lympho-
cytes to antigen-presenting cells (APCs).

T-cell activation is a complex process that has several
requirements. One requirement is for the T-cell receptor
(TCR) complex to identify and bind to an activated APC

based on the specificity of the individual TCR for a spe-
cific peptide–MHC molecules displayed on the surface
of an APC. In addition, secondary (costimulatory) sig-
nals provided through the ligation of costimulatory
molecules with their receptors on T cells are required for
efficient T-cell activation. Among different costimulato-
ry molecules, CD80 and CD86 have been observed to
provide potent immune signals (4, 5). As surface glyco-
proteins and members of the immunoglobulin super-
family, the CD80 and CD86 molecules are expressed
only on professional APCs and interact with their recep-
tors CD28 and CTLA-4 present on T cells (4–7).

Although adhesion molecules participate in immune
expansion, their functions as costimulators of this process
rather than secondary players remain to be clarified (8–10).
Among the most important adhesion molecules on T-cell
surface in its interaction with APCs are lymphocyte func-
tion associated-1 (LFA-1) and CD2 (11). These molecules
bind to intracellular adhesion molecules (ICAMs; 
ICAM-1, -2, and -3) and LFA-3, respectively, on the APCs.
It is thought that the adhesive interaction between these
molecules is crucial for T cells to sample large numbers of
specific peptides presented on MHC on the surface of the
APC (11). ICAM-1 (CD54) is a surface molecule expressed
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on endothelial cells, macrophages, and dendritic cells. Its
ligand, LFA-1, is expressed on activated T cells, thus trap-
ping T cells at the site of inflammation and possibly play-
ing a facilitating role in antigen presentation and T-cell
costimulation. A similar set of molecules with perhaps
overlapping functions are the LFA-3/CD2 cell-surface anti-
gens. LFA-3 is expressed on the surface of macrophages
and dendritic cells and could complement T-cell costimu-
lation through linking the T cell to the APC. To date, how-
ever, no direct effect on immunogenicity has been ascribed
to the molecules, and as such, their role in T-cell expansion
is largely inferential. Another important adhesion mole-
cule is vascular cell adhesion molecule-1 (VCAM-1;
CD106). VCAM-1 is expressed on activated endothelial
cells and is thought to play a role in lymphocyte traffick-
ing through binding the very late antigen-4 (VLA-4) ligand.

We recently have reported (12) that chemokines can
regulate antigen-specific immune expansion of DNA-
encoded antigen. Because chemokines strongly drive
adhesion molecule expression, this suggests that certain
adhesion molecules could play a role in this specific
immune expansion. Accordingly, we examine here the
immunomodulatory effects of three specific adhesion
molecules that are closely regulated by chemokines. We
used DNA vaccine technology to explore the role of
ICAM-1, LFA-3, and VCAM-1 in immune activation in
vivo. Specifically, we cloned genes for ICAM-1, LFA-3,
and VCAM-1 individually into expression vectors under
control of a cytomegalovirus (CMV) promoter. These
constructs were then coimmunized along with DNA
immunogens encoding for HIV-1 envelope or gag/pol
antigens. We analyzed the immunological effects of the
coinjection with these adhesion molecule cassettes on
the level of antigen-specific immune responses.

We observed that antigen-specific T-cell responses can
be enhanced by the coexpression of DNA immunogen
and adhesion molecules ICAM-1 and LFA-3. ICAM-1 and
LFA-3, however, appeared to play no role in expression of
antigen-specific humoral responses. Rather, they appeared
to specifically affect T-cell responses. LFA-3 enhanced

CD4+ T-cell responses and exhibited more minor effect on
CD8+ T-cell function. More importantly, ICAM-1 coad-
ministration dramatically increased both CD4+ and CD8+

T-cell responses. ICAM-1 coexpression also dramatically
enhanced antigen-specific β-chemokine production, sug-
gesting an important role for ligation of LFA-1 in periph-
eral T-cell expansion (12). The activation phenotype of
these molecules appeared to be distinct from the proto-
typic CD80/CD86 costimulatory molecules. These results
support that the peripheral network of cytokine,
chemokine, and adhesion molecules coordinately regulate
effector T-cell responses at the site of effector function.

Methods
DNA plasmids. DNA vaccine constructs expressing HIV-1 enve-
lope protein (pCEnv) and gag/pol protein (pCGag/pol) were
prepared as described previously (13). The genes for ICAM-1,
LFA-3, and VCAM-1 were cloned into the pCDNA3 expression
vector (Invitrogen Corp., San Diego, California, USA) as
described previously (13, 14). Clean plasmid DNA was pro-
duced as described previously (14).

Reagents and cell lines. Human rhabdomyosarcoma (RD) and
mouse mastocytoma P815 cell lines were obtained from Amer-
ican Type Culture Collection (Rockville, Maryland, USA).
Recombinant vaccinia expressing HIV-1 envelope (vMN462),
gag/pol (vVK1), and β-galactosidase (vSC8) were obtained from
the National Institutes of Health AIDS Research and Reference
Reagent Program. Recombinant gp120 or p24 protein were
obtained from ImmunoDiagnostics Inc. (Bedford, Massachu-
setts, USA).

Expression of adhesion molecule expression constructs. Expression
of ICAM-1, LFA-3, and VCAM-1 constructs were analyzed by
transfecting them into RD cells as described previously (15).
Cells were harvested 72 h after transfection and tested for
expression using FACS analysis with FITC-conjugated mono-
clonal antibodies for ICAM-1, LFA-3, VCAM-1 (PharMingen,
San Diego, California, USA) (15).

DNA inoculation of mice. The quadriceps muscles of 6- to 8-
week-old female BALB/c mice (Harlan Sprague Dawley Inc.,
Indianapolis, Indiana, USA) were injected with 50 µg of each
DNA construct of interest formulated in PBS and 0.25% bupi-
vacaine-HCl (Sigma Chemical Co., St. Louis, Missouri, USA).
Coadministration of various gene expression cassettes involved
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Figure 1
Expression of pCICAM-1 and pCLFA-3 on human rhabdomyosarcoma (RD) cells in vitro. RD cells were transfected with pCDNA3 (control), pCICAM-
1, or pCLFA-3. Three days after transfection, the cells were removed from the plates and were analyzed by FACS analysis using either control anti-
bodies, α–intracellular adhesion molecule-1 (ICAM-1), or α–lymphocyte function associated-3 (LFA-3) antibodies to detect expression of the trans-
fected gene product. 



mixing the chosen plasmids before injection. The control mice
were immunized with 50 µg of pCDNA3 vector. Each set of
studies was performed three times, and a representative set of
results is presented. Mice received two DNA immunization (50
µg each) separated by 2 weeks. At 1 week after the boost injec-
tion, the mice were sacrificed, the spleens were harvested, and
the lymphocytes were isolated and tested for cellular (T-helper
cell [Th] or cytotoxic T lymphocyte [CTL]) responses.

ELISA. Fifty microliters of p24 or gp120 protein diluted in 0.1
M carbonate-bicarbonate buffer (pH 9.5) to 2 µg/ml concentra-
tion was adsorbed onto microtiter wells overnight at 4°C as
described previously (13). The plates were washed with
PBS/0.05% Tween-20 and blocked with 3% BSA in PBS with
0.05% Tween-20 for 1 h at 37°C. Mouse antisera was diluted with
0.05% Tween-20, incubated for 1 h at 37°C, and then incubated
with horseradish peroxidase–conjugated goat anti–mouse IgG
(Sigma Chemical Co.). The plates were washed and developed
with 3′3′5′5′ TMB (Sigma Chemical Co.) buffer solution. The
plates were read on a Dynatech MR5000 plate reader (Dynatech
Corp., Burlington, Massachusetts, USA) with the OD at 450 nm.

Th proliferation assay. Lymphocytes were harvested from
spleens and prepared as the effector cells by removing the ery-
throcytes and by washing several times with fresh media as
described (13). The isolated cell suspensions were resuspend-
ed to a concentration of 5 × 106 cells/ml. A 100-ml aliquot

containing 5 × 105 cells was immediately added to each well
of a 96-well microtiter flat-bottom plate. Recombinant p24 or
gp120 protein at the final concentration of 5 µg/ml and 1
µg/ml was added to wells in triplicate. The cells were incu-
bated at 37°C in 5% CO2 for 3 days. Tritiated thymidine (1
µCi) was added to each well, and the cells were incubated for
12–18 h at 37°C. The plate was harvested, and the amount of
incorporated tritiated thymidine was measured in a Beta Plate
reader (Wallac, Turku, Finland). Stimulation index (SI) was
determined from the following formula: SI = (experimental
count / spontaneous count).

Spontaneous-count wells include 10% FCS, which serves as
an irrelevant protein control. In addition, pCEnv or control
immunized animals routinely have SI of 1 against Pr55 protein.
Similarly, pCGag/pol or control routinely have SI of 1 against
gp120 protein. To ensure that cells were healthy, PHA or con-
canavalin A (Con A) (Sigma Chemical Co.) was used as a poly-
clonal stimulator positive control. The PHA or Con A control
samples had a SI of 20–40.

CTL assay. A 5-h 51Cr release CTL assay was performed using
vaccinia-infected targets (13). The assay was performed with in
vitro effector stimulation, whereby the effectors were stimulated
with relevant vaccinia-infected cells (vMN462 for envelope and
vVK1 for gag/pol) that were fixed with 0.1% glutaraldehyde for 5
days in CTL culture media at 5 × 106 cells/ml. The effectors were
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Figure 2
HIV-1 envelope and gag/pol-specific antibody response after coimmunization with pCICAM-1 or pCLFA-3. The mouse serum samples were tested
at 1:128 dilution for antigen-specific antibody response using the ELISA against (a) HIV-1 gp120 protein and (b) HIV-1 p24 protein.

Figure 3
T-helper cell proliferation responses after coinjection with adhesion molecule genes. Mouse lymphocytes were isolated as described in Methods and
tested against (a) recombinant gp120 protein (5 and 1 µg/ml final concentrations) or against (b) recombinant p24 protein (5 and 1 µg/ml final con-
centrations). Background counts per minute from the control vector group were 200–400.
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Figure 4
Antigen-specific CTL responses following coinjection with adhesion molecule genes. Mouse lymphocytes were isolated as described in Methods and
tested for CTL response using (a) target cells infected with envelope-specific (vMN462) and nonspecific (vSC8) vaccinia; and (b) target cells infect-
ed with gag-specific (vVK1) and nonspecific (vSC8) vaccinia. CTL, cytotoxic T lymphocyte.

Figure 5
Determination of CD8+-dependent CTLs. A CTL assay was performed with the removal of CD8+ T cells by complement lysis. Effector cells were prepared
as described with the presence of CD8+ T cells (a) and the absence of CD8+ T cells (b) using vaccinia-infected target cells.



stimulated nonspecifically for 2 days with CTL culture media
consisting of RPMI-1640 (GIBCO BRL, Grand Island, New York,
USA), 10% FCS (GIBCO BRL), and 10% RAT-T-STIM without
Con A (Becton Dickinson Labware, Bedford, Massachusetts,
USA). Vaccinia-infected targets were prepared by infecting 3 × 106

P815 cells at the multiplicity of infection of 10–20 for 5–12 h at
37°C. A standard chromium-release assay was performed in
which the target cells were labeled with 100 µCi/ml Na2

51CrO4

for 60–120 min and used to incubate with the stimulated effec-
tor splenocytes for 4–6 h at 37°C. CTL lysis was determined at
effector/target (E/T) ratios ranging from 50:1 to 12.5:1. Super-
natants were harvested and counted. Percent specific lysis was
determined from the formula:

Maximum release was determined by lysis of target cells in
medium containing 1% Triton X-100. An assay was not consid-
ered valid if the value for the spontaneous release counts was in
excess of 20% of the maximum release.

Complement lysis of CD8+ T cells. CD8+ T cells were removed from
the splenocytes by a treatment with α-CD8 monoclonal antibody
(PharMingen) followed by incubation with rabbit complement
(Sigma Chemical Co.) for 45 min at 37°C as described (13).

Cytokine and chemokine expression analysis. Supernatants from
effectors stimulated for CTL assay were collected at day 6 and test-
ed for expression using ELISA kits for IFN-γ; IL-4; and MIP-1α,
MIP-1β, and RANTES (BioSource International, Camarillo, Cal-
ifornia, USA; R&D Systems, Minneapolis, Minnesota, USA; Inter-
gen, Purchase, New York, USA, respectively). 

Results
ICAM-1, LFA-3, and VCAM-1 can be expressed by transfected
cells. The genes for ICAM-1 (pCICAM-1), LFA-3 (pCLFA-
3), and VCAM-1 (pCVCAM-1) were individually cloned
into the pCDNA3 expression vector (Fig. 1). To test
whether pCICAM-1, pCLFA-3, and pCVCAM-1 constructs
could express their relevant proteins, we transfected them
in vitro into the human RD cells. Using FACS analysis, we
observed that transfection of pCICAM-1, pCLFA-3, and
pCVCAM-1 expression cassettes resulted in specific
expression of ICAM-1, LFA-3, and VCAM-1, respectively
(Fig. 1). We also observed that coimmunization of two
DNA expression cassettes intramuscularly resulted in
coexpression of both encoded proteins in same muscle
cells in vivo (data not shown).

Coexpression of adhesion molecules does not affect antigen-
specific humoral immune responses. We next investigated
the effects the coexpression of adhesion molecules have
on the induction of antigen-specific immune respons-
es. For all experiments, 50 µg of each DNA expression
constructs was injected into BALB/c mice intramuscu-
larly at weeks 0 and 2. The first immune parameter
examined was the antigen-specific humoral response.
Antisera from immunized mice were collected at weeks
0, 2, and 6 and were analyzed for specific antibody
responses against HIV-1 gp120 protein by enzyme-
linked immunosorbent assay. As shown in Fig. 2a, coex-
pression of ICAM-1, LFA-3, or VCAM-1 appeared to
have a minimal effect on the specific antibody binding
profile induced by pCEnv immunization. A similar
result was seen with the groups coimmunized with
pCGag/pol (Fig. 2b).

Coexpression of ICAM-1 or LFA-3 enhances antigen-specific Th
proliferative response. The effect of adhesion molecule coex-
pression on the magnitude of cellular immune responses
was also investigated. Induction of CD4+ Th proliferative
response is important because Th play a critical role in
inducing both a humoral immune response via B cells and
CTL response via CD8+ T cells. Figure 3a shows the Th pro-
liferative responses for the mice immunized with
pCGag/pol and those mice coimmunized with pCICAM-
1, pCLFA-3, or pCVCAM-1. Recombinant gp120 HIV-1
envelope protein (5 µg/ml and 1 µg/ml) was plated in each
well for specific stimulation of T-cell proliferation. We also
analyzed these groups for nonspecific stimulation of T
cells using irrelevant proteins and observed that nonspe-
cific antigen did not induce T-cell proliferative responses
in vitro (data not shown). As shown in Fig. 3a, a background
level of proliferation was observed in the control group
immunized with a control vector, and a moderate level of
proliferation was observed in the group immunized with
pCEnv alone as we have reported previously (15). In con-
trast, the groups coimmunized with either pCICAM-1 or
pCLFA-3 had significantly higher levels of proliferative
responses. On the other hand, the group coimmunized
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Figure 6
Expression of cytokines by stimulated effector T cells. Supernatants
from effectors stimulated for CTL assay were collected at day 6 and
tested for cytokine profile using ELISA kits for interferon-γ (IFN-γ) (a)
and interleukin-4 (IL-4) (b).



with VCAM-1 genes did not show any enhancement of
antigen-specific Th response. A similar result was seen with
the groups coimmunized with pCGag/pol (Fig. 3b). In
repeat experiments using either immunogen, codelivery of
pCICAM-1 or pCLFA-3 resulted in a three- to fourfold
increase in antigen-specific proliferative responses.

Coexpression of ICAM-1 or LFA-3 enhances antigen-specific
CTL responses. To investigate further the enhancement of
cellular immunity, we performed CTL assays using
splenocytes of mice coimmunized with pCEnv and
pCGag/pol. The assay was performed with in vitro stimu-
lation of effector splenocytes before measuring chromium
release from specific and nonspecific vaccinia-infected or
peptide-treated targets (15). To calculate specific lysis of
targets, the percent lysis of irrelevant targets was sub-
tracted from the percent lysis of specific targets. A back-
ground level of specific killing was observed from the con-
trol animals with pCDNA3, pCICAM-1, pCLFA-3, or
pCVCAM-1 immunizations, whereas the animals immu-
nized with pCEnv showed a low level of CTL response
(Fig. 4a). On the other hand, coimmunization with 
pCEnv + pCICAM-1 resulted in a dramatic increase in
CTL activity. Greater than 40% specific killing of HIV-1
envelope vaccinia (vMN462)–infected targets was
observed after coimmunization with pCEnv + pCICAM-1
at a 50:1 E/T ratio. The CTL activity titered out to 20% spe-
cific lysis at a 12.5:1 E/T ratio. In contrast, coimmuniza-
tion with pCEnv + pCLFA-3 resulted in a more moderate
increase in CTL activity. Similar CTL results were observed

after coimmunizations with pCGag/pol + pCICAM-1 and
pCGag/pol + pCLFA-3 (Fig. 4b).

To determine whether the increases in CTL response via
coexpression of pCICAM-1 and pCLFA-3 were restricted to
CD8+ T cells, CTL assays were performed by measuring
CTL activity with and without the removal of CD8+ T cells
from the effector cell population by complement lysis (13).
As shown in Fig. 5, the removal of CD8+ T cells resulted in
the suppression of antigen-specific CTL enhancement
observed after coinjections with pCICAM-1 and pCLFA-3.
These results indicate that the enhancement of cytolytic
activity was antigen-specific and CD8+ T cell–dependent.

Coexpression of ICAM-1 or LFA-3 increases production of 
IFN-γby stimulated T cells. Analysis of cytokine production
by stimulated CTLs in the immunized animals support the
CTL results just described. Cytokines play a key role in
directing and targeting immune cells during the develop-
ment of the immune response. For instance, IFN-γis intri-
cately involved in the regulation of T cell–mediated cyto-
toxic immune responses (16), whereas IL-4 plays a
dominant role in B cell–mediated immune responses (17).
We analyzed supernatant from the effector cells stimulat-
ed in vitro for CTL assay and tested them for the release of
cytokines IFN-γand IL-4. We found that coinjection with
pCICAM-1 increased the level of IFN-γsignificantly (Fig.
6). Coimmunization with pCLFA-3 resulted in a more
moderate increase in IFN-γproduction. On the other hand,
the level of IL-4 released from all groups was similar.

Coexpression of ICAM-1 dramatically increases production of β-
chemokines by stimulated T cells. Recently, we reported that
CD8+ effector T cells expand antigen-specific responses in
vivo through the production of specific chemokines at the
peripheral site of infection (12). Therefore, we analyzed the
production of β-chemokines by stimulated CTLs. We ana-
lyzed supernatant from the effector cells stimulated in vitro
for CTL assay and tested them for the release of β-
chemokines MIP-1α, MIP-1β, and RANTES. As we had
previously observed, we found that DNA immunization
with pCEnv induced significantly greater levels of expres-
sion of MIP-1α, MIP-1β, and RANTES than those of con-
trol vector (Fig. 7). Moreover, we observed that coinjection
with pCEnv + pCLFA-3 increased the level of β-chemokine
production compared with that of the pCEnv immunized
group. Even more significantly, coimmunization with
pCEnv + pCICAM-1 resulted in a dramatic enhancement
(two- to fourfold) of MIP-1α, MIP-1β, and RANTES pro-
duction over that of the pCEnv immunized group. In con-
trast, coadministration of pCVCAM-1 did not enhance the
level of chemokine expression. These results support that
ICAM-1 and LFA-3 provide direct T-cell costimulation.

Coexpression of ICAM-1 and CD86 synergistically enhances
antigen-specific CTL responses. The B7 (CD80 and CD86)
pathway is considered to be a major costimulatory path-
way for the delivery of critical second signals to prime and
expand T-cell responses. These molecules have been
examined in the context of DNA vaccines as modulatory
agent. In this context, it appears that CD86 molecules
play a prominent role in the antigen-specific induction of
CD8+ cytotoxic T lymphocytes when delivered as vaccine
adjuvants (13, 18, 19). Coadministration of CD86 cDNA
along with DNA immunogens dramatically increased
antigen-specific CD8+ CTL response (13). The effects of
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Figure 7
Expression of β-chemokines by stimulated effector T cells. Supernatants
from effectors stimulated for CTL assay were collected at day 6 and test-
ed for β-chemokine profile using ELISA kits for macrophage inflamma-
tory protein-macrophage inflammatory protein-1α (MIP-1α) (a),
macrophage inflammatory protein-1β (MIP-1β) (b), and regulated on
activation normal T-cell expression and secreted (RANTES) (c).



ICAM-1 and LFA-3 could be dependent on B7-CD28 sig-
nals, or they could represent an alternative synergistic
pathway for driving CTL induction in vivo. We further
investigated whether ICAM-1 and LFA-3 molecules when
coexpressed with CD86 molecules could synergistically
enhance the level of CTL induction. As shown in Fig. 8,
we observed that coexpression of ICAM-1 and CD86 mol-
ecules could synergistically enhance antigen-specific CTL
response. On the other hand, coexpression of LFA-3 and
CD86 molecules did not improve the level of CTL
response. These results indicate that ICAM-1/LFA-1
pathways provide T-cell costimulatory signals independ-
ent of CD86/CD28 pathways, and they may work syner-
gistically to expand T-cell responses in vivo.

The level of IFN-γand β-chemokines MIP-1α, MIP-1β,
and RANTES production by stimulated CTLs further
supports these results, indicating that ICAM-1/LFA-1 sig-
nals work independent of CD86/CD28 signals and work
concordantly to expand T-cell responses. When we ana-
lyzed supernatant from the effector T cells using the
methods already described here, we observed that coad-
ministration of LFA-3 and CD86 genes resulted in a dra-
matically higher level of IFN-γ, MIP-1α, MIP-1β, and
RANTES (Fig. 9). These results further imply the syner-
gistic nature of ICAM-1 and CD86 in T-cell activation.

Discussion
During immune or inflammatory response, lymphocytes
traffic to the site of antigen exposure. Adhesion mole-
cules on lymphocytes and endothelial cells play an impor-
tant role in providing direct cellular contact and direct-
ing the migration of the leukocytes. In addition, adhesion
molecules play an important role in the binding of T lym-
phocytes to APCs. ICAM-1 (CD54) is a 90- to 114-kDa
molecule that is expressed on endothelial cells,
macrophages, and dendritic cells and binds to LFA-1 and
Mac-1 (20). Almost all leukocytes, including T lympho-
cytes, express LFA-1, whereas Mac-1 expression is more
restricted to monocytes, macrophages, and granulocytes.
LFA-3 (CD58) is a 55- to 70-kDa surface molecule
expressed by various cell types, including the APCs (11).
VCAM-1 is a 110-kDa surface molecule that is expressed
on activated endothelial cells and smooth muscle cells
(21). VCAM-1 recognizes and binds to VLA-4, which is
constitutively expressed on most mononuclear leuko-
cytes, including the eosinophils, lymphocytes, mono-
cytes, and basophils, but is absent on neutrophils (22).
VCAM-1/VLA-4 interaction plays an important role in
leukocyte migration and diapedesis.

In this study, we used a DNA immunogen model to
investigate the roles of these cell-surface adhesion mole-
cules in providing stimulatory signals required for T-cell
activation and expansion. In a two-signal T-cell activation
model, the primary activation signal is mediated by the
ligation of antigenic peptide–MHC molecules to T-cell
receptor. The secondary costimulatory signal is provided
through the ligation of CD80/CD86 costimulatory mol-
ecules with their receptors (CD28/CTLA-4) present on T
cells (6). Although this two-signal model is conceptually
straightforward and well supported by experimental
results, the costimulatory signals provided during T-cell
activation process may not be restricted only to the B7

(CD80/CD86) molecules. Additional cell-surface mole-
cules, such as the adhesion molecules on the APCs, may
also have an important function in providing costimula-
tion, and their roles in providing direct signals to CD4+

and CD8+ T cells are under investigation (8–10, 23–25).
Adhesion molecules are important in leukocyte traf-

ficking, inflammatory cell recruitment, and immune
surveillance. Recently, a role for adhesion molecules in
T-cell activation has been suggested. We investigated the
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Figure 8
Antigen-specific CTL responses after coinjection with genes for adhesion mol-
ecules and CD86 costimulatory molecules. Mouse lymphocytes were isolat-
ed as described in Methods and tested for CTL response using target cells
infected with envelope-specific (vMN462) and nonspecific (vSC8) vaccinia.

Figure 9
Expression of IFN-γand β-chemokines MIP-1α, MIP-1β, and RANTES by
stimulated effector T cells. Supernatants from effectors stimulated for
CTL assay were collected at day 6 and tested using ELISA kits.



role using a subset of adhesion molecules that all bind
to ligands on T cells. We chose three related molecules:
ICAM-1 (CD54), LFA-3 (CD58), and VCAM-1 (CD106).
Using DNA expression cassettes encoding for ICAM-1,
LFA-3, and VCAM-1 along with our DNA immunogens,
we sought to identify the specific effects of coexpressing
adhesion molecules along with antigens. We observed
that antigen-specific T-cell (both CD4+ and CD8+ T cells)
responses can be enhanced by the coexpression of DNA
immunogen and adhesion molecules ICAM-1 and LFA-
3. Coexpression of ICAM-1 or LFA-3 molecules along
with DNA immunogens resulted in a significant
enhancement of Th proliferative responses. In addition,
coimmunization with pCICAM-1 (and more moderate-
ly with pCLFA-3) resulted in a dramatic enhancement of
CD8-restricted CTL responses. These observations were
further supported by the finding that coinjection with
LFA-3 increased the level of IFN-γ as well as β-
chemokines MIP-1α, MIP-1β, and RANTES production
by stimulated CD8+ T cells. More impressively, coimmu-
nization with ICAM-1 resulted in a more dramatic
enhancement of IFN-γ and β-chemokines. It is also
important to note that increased cellular contact or jux-
taposition of cells alone was not enough to enhance
antigen-specific T cell–mediated responses. Although
ICAM-1 and VCAM-1 have similar molecular sizes, the
coinjection with VCAM-1 did not have any measurable
effect on T-cell responses. On the other hand, ICAM-1
coexpression dramatically enhanced the level of both
CD4+ and CD8+ T-cell responses. These results imply
that the T-cell stimulatory effects are not inherent to
their adhesion properties or the size of the molecules. It
is interesting that both CTL-driving adhesion molecules
that enhanced CTLs (ICAM-1 and LFA-3) are expressed
on a variety of APCs. In fact, it may be important that the
best CTL-inducing adhesion molecule, ICAM-1, is
expressed on dendritic cells.

We also compared the enhanced induction of CTLs
with that enhanced with CD86 expression. We observed
that combining the expression of CD86 molecules with
ICAM-1, but not LFA-3, molecules could enhance anti-
gen-specific CTL responses. These results were further
supported by significantly enhanced production of 
IFN-γ as well as β-chemokines MIP-1α, MIP-1β, and
RANTES, which play important role in immune activa-
tion in the periphery. Although the elucidation of the
biologic significance of these molecules requires further
studies, a recent study (12) found a relationship between
chemokines MIP-1β and RANTES and CTL response.
Although additional studies could provide more insight
into the costimulatory role of these molecules, these
results indicate that ICAM-1 molecules can provide T-
cell costimulatory signals through an independent
pathway to CD86, and they may work synergistically to
amplify the total level of costimulatory signals provided
to T cells. Overall, these results support that adhesion
molecules ICAM-1 and LFA-3 can provide important
costimulatory signals, indicating that the simple two-
signal model of T-cell activation, although conceptually
useful, may be incomplete, and a newer model with mul-
tiple sources of costimulation should be further consid-
ered and studied. These results also indicate that further

studies aimed at using the T-cell costimulatory function
of other cell-surface molecules are warranted.

One important issue with regard to these studies is exact-
ly where these molecules are functioning to enhance the
cellular immune response. Recent studies (26–28) have
reported that injection of plasmid DNA can, with low effi-
ciency, transfect resident APCs including macrophages and
dendritic cells. These results are further supported by stud-
ies using bone marrow chimeras that illustrate the require-
ment for bone marrow–derived cells to prime DNA
immune responses (29, 30). It is consistent with the litera-
ture that some costimulation observed in our study can
occur through transfection and enhanced T-cell priming
by resident professional APCs.

Along with previous reports, these results support the
role for ICAM-1 and LFA-3 in T-cell costimulation. It
appears that LFA-3 has particular effects on class II
responses, whereas in general, ICAM-1 was a dramatically
strong driver of CTL induction and CD8+ effector func-
tion, as demonstrated by enhanced production of β-
chemokines. These results also support a concordant
hypothesis for the recruitment and expansion of T-cell
effectors in the periphery. We recently reported that in
addition to their chemoattractant functions, chemokines
regulate modulation and expansion of antigen-specific
immune responses at the peripheral site (12). We observed
that CD8+ T-effector cells control chemokine expression
levels while they primed immune responses. Thus, in
chemotaxis, chemokines regulate the movement of lym-
phocytes through a concentration gradient. Moreover,
commensurate redistribution of adhesion molecule
expression provide direct cell–cell contact in directing the
lymphocytes to the periphery. In addition, expression of
adhesion molecules is modulated by various inflamma-
tory cytokines and chemokines. For instance, IFN-γand
TNF-α have been shown to upregulate ICAM-1 expression
on endothelial and muscle cells (31, 32).

CD8+ effector T cells elaborate chemokines that would
recruit more APCs and T cells to the site of inflammation.
These T cells would be stimulated by β-chemokine pro-
duction to enhance expression of adhesion molecules,
which could serve to drive IFN-γproduction and allow T-
cell costimulation. Once at the site of inflammation,
these effector CTLs can be further regulated through the
expression of specific chemokines and adhesion mole-
cules that would expand the level of effector function.
These results further support that end-stage effector T
cells in the expansion phase of an antigen-specific
immune response could direct their destiny through
coordinated expression and release of these molecules.
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