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Abstract

 

The potential roles of CD8

 

1 

 

T-cell–induced chemokines in
the expansion of immune responses were examined using
DNA immunogen constructs as model antigens. We coim-
munized cDNA expression cassettes encoding the 

 

a

 

-chemo-
kines IL-8 and SDF-1

 

a

 

 and the 

 

b

 

-chemokines MIP-1

 

a

 

,
RANTES, and MCP-1 along with DNA immunogens and
analyzed the resulting antigen-specific immune responses.
In a manner more similar to the traditional immune modu-
latory role of CD4

 

1

 

 T cells via the expression of Th1 or Th2
cytokines, CD8

 

1 

 

T cells appeared to play an important role
in immune expansion and effector function by producing
chemokines. For instance, IL-8 was a strong inducer of
CD4

 

1 

 

T cells, indicated by strong T helper proliferative re-
sponses as well as an enhancement of antibody responses.
MIP-1

 

a

 

 had a dramatic effect on antibody responses and
modulated the shift of immune responses to a Th2-type re-
sponse. RANTES coimmunization enhanced the levels of
antigen-specific Th1 and cytotoxic T lymphocyte (CTL) re-
sponses. Among the chemokines examined, MCP-1 was the
most potent activator of CD8

 

1 

 

CTL activity. The enhanced
CTL results are supported by the increased expression of
Th1 cytokines IFN-

 

g

 

 and TNF-

 

a

 

 and the reduction of
IgG1/IgG2a ratio. Our results support that CD8

 

1 

 

T cells
may expand both humoral and cellular responses in vivo
through the elaboration of specific chemokines at the pe-
ripheral site of infection during the effector stage of the im-
mune response. (

 

J. Clin. Invest.

 

 1998. 102:1112–1124.) Key
words: chemokines 

 

•

 

 DNA immunization 

 

•

 

 CD8

 

1

 

 T effector
cells 

 

•

 

 humoral and cellular immune response

 

Introduction

 

The adaptive immune response is a critical part of host de-
fense against pathogens. The immune response is initiated
when local inflammation induces tissue macrophages to pro-
duce proinflammatory cytokines and chemokines. Collectively,

these molecules recruit more phagocytic cells and professional
antigen-presenting cells (APCs)

 

1

 

 to the site of infection. Once
attracted to the infection site, APCs ingest pathogenic antigens
and transport them to local lymphoid organs. In the lymphoid
organs, APCs process and present these antigens to naive T
cells. When activated, CD4

 

1

 

 T helper cells modulate the level
and the direction of immune response through the release of
Th1- or Th2-type cytokines. T helper cells activate B lympho-
cytes to produce antigen-specific antibodies, which engages
the humoral response. T helper cells also help cytotoxic T lym-
phocytes to search out and destroy infected cells in the periph-
ery. Once engaged, humoral or cellular immunity can act inde-
pendently or in concert to eradicate the pathogenic organism
from the host.

Although the importance of modulatory signals from T
helper cells in directing the immune response is well appreci-
ated, the role of signaling from CD8

 

1

 

 T cells is not known. Cy-
totoxic T cells bind and destroy allogeneic and virally infected
cells that display recognizable antigen-MHC class I molecules.
Killer T cells induce these pathogen-infected cells to die
through either the release of toxic proteins such as granzyme B
or through initiating apoptosis or programmed cell death in
the target cells. In addition to the direct killing of the infected
cells, CD8

 

1

 

 T cells may provide additional signals to other
lymphocyte subsets to help amplify and direct the immune re-
sponse in the periphery. These signals importantly might in-
clude the highly bioactive inflammatory molecules termed
chemokines. Chemokines play a major role in a variety of im-
mune and inflammatory responses, acting primarily as che-
moattractants and activators of various leukocytes (1, 2). For
example, in response to pathogens, tissue macrophages ini-
tiate host immune responses by producing chemokines. These
chemokines in turn attract more leukocytes to the site of infec-
tion and tissue damage.

Chemokines are broadly divided into three families, C-X-C
(

 

a

 

), C-C (

 

b

 

), and C (

 

g

 

), based on the presence and position of
the conserved cysteine residues (3). In the members of the 

 

a

 

family, the first two cysteines are separated by another amino
acid, while those of the 

 

b

 

 family are placed next to each other
(3). Only two members of the 

 

g

 

 family have been identified so
far, and both of them contain one instead of two cysteines in
their N terminus (3). Overall, there are many chemokines with
seemingly overlapping functions, and the exact role of each
one in host defense and in pathological responses is not well
known. Recently the role of CD8

 

1

 

 T cells in the production of
chemokines has been appreciated (4–8). Their additional func-
tion in such immune expansion is unclear.
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During evaluation of host immune responses induced by
DNA vaccines for HIV-1 antigens, we observed that in addi-
tion to eliciting both humoral and cell-mediated immune re-
sponses, DNA vaccination induced 

 

b

 

-chemokine expression in
CD8

 

1

 

 T lymphocytes. The temporal nature of these results im-
plied that chemokines may be important activators of immune
responses. To molecularly dissect the specific roles of chemo-
kines in immune response, we cloned representative cDNAs
encoding the 

 

a

 

-chemokines IL-8 and SDF-1

 

a

 

 as well as cDNAs
encoding the 

 

b

 

-chemokines MIP-1

 

a

 

, RANTES, and MCP-1.
These inserts were cloned individually into expression vectors
and coimmunized along with DNA immunogens encoding for
HIV-1 envelope or gag/pol antigens. These chemokines are es-
pecially relevant since they are produced by activated T lym-
phocytes. Using these vaccine constructs as model antigens, we
observed that individual chemokines had specific, identifiable
roles in the activation and modulation of antigen-specific im-
mune responses. The observation that CD8

 

1

 

 effector cells ele-
vated chemokine expression levels while they primed immune
responses suggests a regulatory role for these end-stage effec-
tor cells in the expansion phase of an antigen-specific immune
response. These results conceptually link lymphocyte activa-
tion and expansion driven by CD4

 

1

 

 T cells within the lym-
phoid compartments such as the lymph nodes and spleen with
lymphocyte expansion, tissue invasion, and effector function
modulated at least in part by CD8

 

1

 

 effector T cells in the pe-
riphery.

 

Methods

 

DNA plasmids.

 

DNA vaccine constructs expressing HIV-1 envelope
protein (pCEnv) and gag/pol protein (pCGag/Pol) were prepared as
previously described (9). The genes for human chemokines IL-8,
SDF-1

 

a

 

, MIP-1

 

a

 

, MCP-1, and RANTES were cloned into the
pCDNA3 expression vector (Invitrogen, Inc., San Diego, CA) as previ-
ously described (10, 11). Clean plasmid DNA was produced in bacteria
and purified using Qiagen Maxi Prep kits (Qiagen, Santa Clara, CA).

 

Reagents and cell lines.

 

Human rhabdomyosarcoma (RD) and
mouse mastocytoma P815 cell lines were obtained from ATCC
(Rockville, MD). Recombinant vaccinia expressing HIV-1 envelope
(vMN462), gag/pol (vVK1), and 

 

b

 

-galactosidase (vSC8) were ob-
tained from the NIH AIDS Research and Reference Reagent
Program. HIV-1 envelope peptide (RIHIGPGRAFYTTKN) was
synthesized according to the previously published protocol (12). Re-
combinant gp120 or p24 protein were obtained from ImmunoDiag-
nostics, Inc. (Bedford, MA).

 

DNA inoculation of mice.

 

The quadriceps muscles of 6–8-wk-old
female BALB/c mice (Harlan Sprague Dawley, Inc., Indianapolis,
IN) were injected with 50 

 

m

 

g of each DNA construct of interest for-
mulated in PBS and 0.25% bupivacaine-HCl (Sigma Chemical Co.,
St. Louis, MO). Coadministration of various gene expression cas-
settes involved mixing the chosen plasmids before injection. The con-
trol mice were immunized with 50 

 

m

 

g of pCDNA3 vector. Each set of
studies was performed three times, and a representative set of results
is presented. Mice received two DNA immunizations (50 

 

m

 

g each)
separated by 2 wk. At 1 wk after the boost injection, the mice were
killed, the spleens were harvested, and the lymphocytes were isolated
and tested for cellular (Th or cytotoxic T lymphocyte [CTL]) re-
sponses. All animals were housed in a temperature-controlled, light-
cycled facility at the University of Pennsylvania, and their care was
under the guidelines of the National Institutes of Health and the Uni-
versity of Pennsylvania.

 

In vivo expression of chemokine gene constructs.

 

The quadriceps
muscles of mice were injected with 50 

 

m

 

g of MIP-1

 

a

 

, RANTES,
MCP-1, SDF-1

 

a

 

, and irrelevant control constructs formulated in PBS

and 0.25% bupivacaine-HCl. The mice were killed and their leg mus-
cle was removed 3 d after injection. The muscle was dissected, minced,
and placed in tissue culture for 3 additional days. The supernatant was
collected and tested for chemokine expression using the ELISA kit for
MIP-1

 

a

 

, RANTES, and MCP-1 (Intergen, Purchase, NY).

 

ELISA.

 

ELISA for mouse antisera was performed as previously
described (10). For the determination of relative levels of gp120-spe-
cific IgG subclasses, antimurine IgG1 and IgG2a conjugated with
HRP (Zymed, San Francisco, CA) were substituted for antimurine
IgG-HRP. This was followed by addition of the ABTS substrate solu-
tion (Chemicon, Temecula, CA).

 

T helper cell proliferation assay.

 

T helper cell proliferation assay
was performed as previously described (10).

 

Cytotoxic T lymphocyte assay.

 

A 5-h 

 

51

 

Cr release CTL assay was
performed using vaccinia-infected targets or peptide-treated targets
as previously described (10).

 

Complement lysis of CD8

 

1

 

 T cells.

 

Complement lysis of CD8

 

1

 

 T
cells was performed as previously described (10).

 

Cytokine and chemokine expression analysis.

 

Supernatants from
effectors stimulated for CTL assay were collected at day 6 and tested
for cytokine profile using ELISA kits for IFN-

 

g

 

, IL-4, and TNF-

 

a

 

(Biosource International, Inc., Camarillo, CA). Supernatants from
stimulated effector cells were also tested for chemokine profile using
chemokine ELISA kits for MIP-1

 

a

 

 (R&D Systems, Minneapolis,
MD), RANTES, and MCP-1 (Intergen).

 

Results

 

Induction of chemokines by DNA vaccination.

 

Mice were im-
munized with 50 

 

m

 

g of pCDNA3 (control), pCEnv, or pCGag/
pol. After 2 wk, animals were killed, their spleens were har-
vested, and their lymphocytes were isolated and stimulated in a
standard CD8 effector CTL assay (10, 11, 13). We collected the
culture supernatant from the cultures and tested them for the
release of chemokines MIP-1

 

a

 

, MIP-1

 

b

 

, and RANTES. We
observed that DNA immunization with pCEnv or pCGag/pol
induced significantly greater levels of expression of 

 

b

 

-che-
mokines MIP-1

 

a

 

, MIP-1

 

b

 

, and RANTES over those of control
vector as shown in Fig. 1 

 

A

 

–

 

C

 

, respectively. MIP-1

 

a

 

, MIP-1

 

b

 

,
and RANTES were increased three- to fivefold. The increase
was present as early as 2 wk after the first immunization and
coordinated with the observed T cell and humoral responses,
suggesting that these chemokines could be modulating immune
responses in vivo. To determine the effects of the chemokines
on antigen-specific responses, we next investigated their effects
on immune responses induced by the model DNA vaccine.

 

Construction of chemokine expression cassettes.

 

The cDNAs
for human chemokines IL-8, SDF-1

 

a

 

, MIP-1

 

a

 

, MCP-1, and
RANTES were individually cloned into pCDNA3 plasmid ex-
pression vectors by using methods previously described (10,
11, 13). Human SDF-1

 

a

 

, MIP-1

 

a

 

, MCP-1, and RANTES have
been reported to be active in mouse cells (14). The mouse ho-
mologue of human IL-8 has not been found; however, human
IL-8 has been reported to have activity on mouse cells as a
subset of the receptors for IL-8 is expressed on mouse cells
(14). These chemokine expression cassettes were verified by
sequencing analysis of the entire insert (including both 5

 

9

 

 and
3

 

9

 

 flanking sequences). In addition, chemokine constructs were
transfected in vitro into RD cells, and the expression of these
constructs was verified by immunoprecipitation using relevant
antibodies or by specific chemokine ELISA (data not shown).
The expression constructs for IL-8, SDF-1

 

a

 

, MIP-1

 

a

 

, MCP-1,
and RANTES were also tested for in vivo expression in mouse
muscle. As presented in Fig. 2, the constructs expressed their
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respectively encoded chemokines in mouse muscle tissue in
vivo at 3 d after transfection. Mice were immunized intramus-
cularly with 50 

 

m

 

g of pCMIP-1

 

a

 

 or pCRANTES or pCDNA3
(control). The mice were killed, and their leg muscle was re-
moved 3 after injection. The muscle tissues were mechanically
pulverized and were cultured in vitro for 72 h and the superna-
tants were tested for the expression using the ELISA kits for
MIP-1

 

a

 

 and RANTES. The expression of MCP-1 construct
was similarly confirmed (data not shown).

 

IL-8 enhances T cell proliferation and Th1 isotype.

 

The ef-
fects of various chemokines on vaccine-induced responses
were analyzed individually. IL-8 is a potent chemotactic factor
for neutrophil granulocytes and lymphocytes, and it is secreted
by a variety of cell types, including T cells (15, 16). IL-8 binds
to CXCR1, which is expressed on neutrophils, monocytes, and
CD8

 

1

 

 T cells (17, 18). The first immune parameter examined
was the antigen-specific humoral response. Antisera from
pCEnv and pCEnv

 

1

 

IL-8 immunized mice was collected and
analyzed for specific antibody responses against HIV-1 gp120
protein by ELISA. Fig. 3 

 

A

 

 shows the gp120-specific antibody
titer from sera collected at weeks 0, 2, 4, and 6 after DNA im-
munization. At 1:128 dilution, sera from the groups immunized
with pCEnv

 

1

 

IL-8 showed antibody response against gp120
protein, which was greater than that of the group immunized
with pCEnv alone. A similar result was seen with the groups
immunized with pCGag/pol (data not shown). Furthermore,
the subclasses of gp120-specific IgGs induced by the coadmin-
istration with IL-8 genes were determined. It has been
reported that production of IgG1 type is induced by Th2-type
cytokines, whereas the IgG2a-type production is induced by
Th1-type cytokines (19). The relative ratios of IgG1 to IgG2a
(Th2 to Th1) are shown in Fig. 3 

 

B.

 

 The pCEnv immunized
group had a IgG1 to IgG2a ratio of 1.3. On the other hand,
coinjection with pCEnv

 

1

 

IL-8 decreased the relative ratio to
0.9, indicating a shift to Th1-type response.

The effect of IL-8 expression on the T helper cell–prolifer-
ative response was also examined. As shown in Fig. 3, 

 

C

 

 and

 

D

 

, IL-8 coexpression with HIV-1 immunogens (pCEnv or
pCGag/pol) resulted in a dramatic level of antigen-specific T
helper cell–proliferative responses. The increase in prolifera-
tion was between four- and sixfold, a significant increase in an-
tigen-specific responses. In addition, the effect of IL-8 coex-
pression on the induced CTL response was also investigated.
As shown in Fig. 3 

 

E

 

, a background level of specific killing was
observed from the control animals, whereas the animals immu-
nized with pCEnv alone showed a small but consistent level of

Figure 1. Induction of chemokines by 
DNA vaccination. Mice were immunized 
with 50 mg of pCDNA3 (Control), pCEnv, 
or pCGag/pol. After 2 wk, the mice were 
killed, the spleens were harvested, and the 
lymphocytes were isolated. These cells 
were stimulated in vitro with specific stimu-
lation (using vaccinia infected stimulators) 
for 5 d. The culture supernatants from the 
effector cells were collected and were 
tested for the release of MIP-1a (A), MIP-
1b (B), and RANTES (C).

Figure 2. In vivo expression of the chemokine constructs. Mice 
were immunized intramuscularly with 50 mg of pCMIP-1a (A) or 
pCRANTES (B) or pCDNA3 (Control). The mice were killed, and 
their leg muscles were removed 3 d after injection. The muscle tissues 
were cultured in vitro for 72 h, and the supernatant were tested for the 
expression using the ELISA kits for MIP-1a (A) and RANTES (B).
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CTL response. IL-8 coadministration did not have any en-
hancement effect on the antigen-specific CTL response. Simi-
lar CTL results were observed from pCGag/pol1IL-8 coim-
munization (Fig. 3 F).

Cytokines play a key role in directing and targeting im-
mune cells during the development of the immune response.
For instance, IFN-g is intricately involved in the regulation of
T cell-mediated cytotoxic immune responses (20), while IL-4
plays a dominant role in B cell–mediated immune responses
(21). TNF-a is produced by activated macrophages and mono-

cytes, neutrophils, activated lymphocytes, and natural killer
(NK) cells, and has been suggested to play a pivotal role in reg-
ulating the synthesis of other proinflammatory cytokines (22).
We analyzed supernatant from the effector cells stimulated in
vitro for CTL assay and tested them for the release of cyto-
kines IFN-g, IL-4, and TNF-a. We found that IL-8 expression
increased the level of IFN-g only slightly, but it did not affect
the levels of cytokines IL-4 and TNF-a (Fig. 3 G).

SDF-1a drives immune responses towards Th1-type immu-
nity. We next examined the effects of SDF-1a codelivery on

Figure 3. Antigen-specific immune re-
sponses after coimmunization with IL-8. 
Mice were coimmunized with 50 mg each of 
IL-8 and pCEnv expression cassettes intra-
muscularly at weeks 0 and 2. (A) HIV-1 en-
velope-specific antibody response after 
coimmunization. (B) HIV-1 envelope-spe-
cific IgG1/IgG2a ratio following coimmuni-
zation (at week 6). (C) HIV-1 envelope-spe-
cific Th cell–proliferative response after 
coimmunization. (D) HIV-1 gag/pol-specific 
Th cell–proliferative response following 
coimmunization. (E) HIV-1 envelope-spe-
cific CTL response after coimmunization. 
(F) HIV-1 gag/pol-specific CTL response af-
ter coimmunization. (G) Induction of cyto-
kines IFN-g, IL-4, and TNF-a in the super-
natant of stimulated effector cells. These 
experiments have been repeated two times 
with similar results.
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vaccine induced immune responses. SDF-1a is a C-X-C
chemokine, which binds to the CXCR4 (LESTR/fusin) recep-
tor (4, 5). CXCR4 is expressed on a variety of leukocytes in-
cluding monocytes/macrophages, neutrophils, B cells, and T
cells (23). It is also a main coreceptor for entry of T cell–tropic
HIV-1 strains (4, 5). Unlike IL-8, SDF-1a coinjection did not
exhibit any effect on the level of antigen-specific humoral re-
sponse (Fig. 4 A). Moreover, the relative ratios of IgG1 to
IgG2a after the coadministration with pCEnv1SDF-1a were
determined and are shown in Fig. 4 B. The pCEnv immunized
group had a IgG1 to IgG2a ratio of 1.3. On the other hand,

coinjection with pCEnv1SDF-1a decreased the relative ratio
to 1.08, indicating a shift to Th1-type response. SDF-1a coin-
jection with HIV-1 immunogens (pCEnv or pCGag/pol) had
small enhancement effect on the level of antigen-specific T
helper cell–proliferative responses (Fig. 4, C and D). However,
SDF-1a immunization had minimal effect on the antigen-spe-
cific CTL responses (Fig. 4, E and F) or on the induction of cy-
tokines (Fig. 4 G).

MIP-1a is a strong expander of antibody response. MIP-1a
is a C-C chemokine that binds to the receptors CCR1, CCR4,
and CCR5. CCR1 is expressed on basophils and monocytes

Figure 4. Antigen-specific immune re-
sponses after coimmunization with SDF-1a.
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while CCR4 is expressed on monocytes, T cells, and B cells (1).
CCR5, which is expressed on monocytes and macrophages, is a
main coreceptor for entry of macrophage-tropic HIV-1 strains
(6–8). MIP-1a coexpression exhibited a more drastic effect
than IL-8 in the induction of antigen-specific humoral re-
sponses (Fig. 5 A). pCEnv1MIP-1a coimmunization resulted
in a dramatic enhancement of envelope-specific antibody re-
sponse. A similar result was seen with the groups immunized
with pCGag/pol (data not shown). Moreover, the relative
ratios of IgG1 to IgG2a after the coadministration with

pCEnv1MIP-1a were determined and are shown in Fig. 5 B.
The pCEnv immunized group had a IgG1 to IgG2a ratio of 1.3.
On the other hand, coinjection with pCEnv1MIP-1a in-
creased the relative ratio to 1.7, indicating a shift to a more
Th2-type response. MIP-1a coexpression with HIV-1 immuno-
gens (pCEnv or pCGag/pol) resulted in enhancement of anti-
gen-specific T helper cell–proliferative responses (Fig. 5, C and
D). In contrast, MIP-1a immunization had minimal effect on
the antigen-specific CTL responses (Fig. 5, E and F) or the in-
duction of cytokines (Fig. 5 G).

Figure 5. Antigen-specific immune re-
sponses after coimmunization with MIP-1a.
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RANTES expands Th1 as well as CTL responses. We next
examined the effects of RANTES codelivery on vaccine-
induced immune responses. RANTES binds to the CCR1,
CCR3, CCR4, and CCR5 receptors. CCR3 is expressed on
eosinophils and monocytes. CCR3 is also a coreceptor for en-
try of macrophage-tropic HIV-1 strains, but it is less promi-
nent than CCR5 (24, 25). Unlike IL-8 and MIP-1a, coexpres-
sion of RANTES with pCEnv did not significantly enhance
HIV-1 envelope-specific antibody response (Fig. 6 A). In addi-
tion, pCEnv1RANTES coimmunization did not have any ef-
fect on the IgG1/IgG2a ratio when compared with the group

immunized with pCEnv alone (Fig. 6 B). In contrast to the an-
tibody responses, RANTES covaccination with HIV-1 immu-
nogens (pCEnv or pCGag/pol) resulted in significant augmen-
tation of antigen-specific T helper cell–proliferative responses
(Fig. 6, C and D). Furthermore, twofold higher level expres-
sion of Th1 cytokines IFN-g and TNF-a was observed from
the group coadministered with pCEnv1RANTES (Fig. 6 G).
Unlike coinjection with pCEnv1IL-8 or pCEnv1MIP-1a,
which resulted in a minimal effect in CTL activity, a more dra-
matic increase in the specific killing of targets infected with
vaccinia (vMN462) expressing HIV-1 envelope was observed

Figure 6. Antigen-specific immune re-
sponses after coimmunization with 
RANTES.
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after coinjection with pCEnv1RANTES (Fig. 6 E). Almost
30% specific lysis of target cells was observed after coinjection
with pCEnv1RANTES at a 50:1 E/T ratio. Similarly, the mice
immunized with pCGag/pol1RANTES resulted in a signifi-
cant enhancement of antigen-specific CTL lysis of targets in-
fected with vaccinia (vVK1) expressing HIV-1 gag/pol (Fig. 6 F).

MCP-1 is a potent expander of CTL responses. Adjuvant
properties of MCP-1 cDNA were next observed. MCP-1 is a
C-C chemokine that binds to the CCR2 receptor. Similar to

CCR3 and CCR5, CCR2 is a coreceptor for entry of macro-
phage-tropic HIV-1 strains, but it is less prominent than CCR5
(25). MCP-1 appeared to have a minimal effect on the specific
antibody-binding profile induced by pCEnv immunization.
Moreover, MCP-1 coexpression with HIV-1 immunogens
(pCEnv or pCGag/pol) had positive but relatively minor (two-
fold) enhancement of antigen-specific T helper cell–prolifera-
tive responses (Fig. 7 A). Furthermore, the relative ratios of
IgG1 to IgG2a after the coadministration with pCEnv1MCP-1

Figure 7. Antigen-specific immune 
responses after coimmunization 
with MCP-1.
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were determined and are shown in Fig. 7 B. The pCEnv immu-
nized group had a IgG1 to IgG2a ratio of 1.3. On the other
hand, coinjection with pCEnv1MCP-1 decreased the relative
ratio to 1.0, indicating a shift to Th1-type response. A more
dramatic increase in the specific killing was observed after
coinjection with pCEnv1MCP-1 (Figure 7 E). . 36% specific
lysis of target cells was observed after coinjection with
pCEnv1MCP-1 at a 50:1 E/T ratio. Similarly, the mice immu-
nized with pCGag/pol1MCP-1 resulted in a significant en-
hancement of antigen-specific CTL lysis of HIV-1 gag/pol ex-
pressing targets (Fig. 7 F). As shown in Fig. 7 G, the level of
IFN-g release by mice immunized with pCEnv1MCP-1 was
significantly greater than those of the pCEnv immunized or
the control groups. Again, the level of IL-4 released from all
groups was similar. Moreover, the level of TNF-a release by
pCEnv1MCP-1 immunized group was significantly greater
than those of the pCEnv immunized or the control groups.
These cytokine release data support the CTL above results im-
plicating MCP-1 as an activator of CD81 CTL.

Determination of CD8 restriction in CTL response. To de-
termine whether the increases in CTL response via coexpres-
sion of MCP-1 and RANTES were restricted to CD81 T cells,
CTL assays were performed using a HIV-1 envelope peptide
(RIHIGPGRAFYTTKN) pulsed cells as targets. This pep-
tide has been shown to be a specific epitope for MHC class
I–restricted CTL in Balb/c mice (12). Mice received two immu-
nizations of 50 mg of each DNA construct separated by 2 wk,
and their spleens were harvested 1 wk after the second immu-
nization. The CTL assay was performed on the splenocytes

after in vitro stimulation with envelope-specific peptides as
previously described (10, 11). We observed a significant en-
hancement of CTL response after coinjection (Fig. 8) with
MCP-1 and RANTES at 35 and 26% specific killing at an E/T
ratio of 50:1, respectively. We verified this observation by
measuring CTL activity after the removal of CD81 T cells
from the effector cell population by complement lysis (10). As
shown in Fig. 9, the removal of CD81 T cells resulted in the
suppression of antigen-specific CTL enhancement observed
after coinjections with MCP-1 and RANTES. These results in-
dicate that the enhancement of cytolytic activity was antigen
specific and CD81 T cell dependent.

Enhancement of chemokine expression. It was important to
determine the effects, if any, of these specific chemokine ad-
juvants on chemokine production itself. We examined the ex-
pression of chemokines MIP-1a, RANTES, and MCP-1 by
stimulated cells collected from immunized animals. Chemo-
kine coinjection modulated chemokine production in chemo-
kine-specific patterns. Coimmunization with chemokine cDNA
cassettes resulted in increased expression of chemokines in
an antigen specific manner. As shown in Fig. 10, MIP-1a,
RANTES, or MCP-1 expression was enhanced dramatically
by coimmunization with pCEnv1MIP-1a pCEnv1RANTES,
pCEnv1MCP-1, respectively.

Discussion

The initiation of immune or inflammatory reactions is a com-
plex process involving a tightly coordinated expression of cel-

Figure 8. Determination of MHC class I–restricted CTLs. CTL assay was performed using effector cells and prepared as described, and target cells pre-
pared with envelope-specific peptide (RIHIGPGRAFYTTKN), that has been reported to be MHC class I-restricted in Balb/c mice. These experiments 
have been repeated two times with similar results.
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lular adhesion molecules, cytokines, and chemokines. The
chemokines are especially important in the molecular regula-
tion of trafficking of leukocytes from the lymph and blood ves-
sels to the peripheral sites of host defense. The superfamily of
chemokines consists of an array of over 30 related proteins (1).
In addition to their functions in inflammatory and immune re-
sponses, some chemokines play a critical role in the transmis-
sion and progression of HIV-1 and 2 viruses responsible for
AIDS. Recent studies have identified that the coreceptors re-
quired for the fusion of the T cell–tropic and macrophage-
tropic viruses with their target cells to be CXCR4 and CCR5,
respectively (4–8).

To elucidate the specific roles of these chemokines in im-
mune induction and modulation, we used the codelivery of
chemokine DNA expression cassettes as an antigen delivery
model. DNA coimmunization is an appropriate model to in-

vestigate the in vivo functions of chemokines because DNA
vaccines induce both humoral and cellular immune responses
via both the MHC class I and II pathways (10, 26–29). Further-
more, we and others have shown that antigen-specific immune
responses to DNA vaccines can be modulated by the coinjec-
tion of costimulatory molecule and cytokine genes with DNA
immunogen cassettes (10, 11, 13, 30–34). Thus, we cloned and
coimmunized chemokine expression vectors with HIV-1 DNA
immunogens and examined the effects of chemokine expres-
sion on immune activation. We observed that the a-chemo-
kine IL-8 and SDF-1a as well as the b-chemokines MIP-1a,
RANTES, and MCP-1 had specific, identifiable roles in the ac-
tivation of antigen-specific immune responses.

For instance, IL-8 is a chemotactic factor for neutrophils,
inducing them to leave the bloodstream and migrate into the
surrounding tissues. We observed that IL-8 was a strong in-

Figure 9. Determination of CD81-dependent CTLs. A CTL assay was performed with the removal of CD81 T cells by complement lysis. Effec-
tor cells were prepared as described with the presence of CD81 T cells (A) and the removal of CD81 T cells (B) using vaccinia-infected target 
cells. These experiments have been repeated two times with similar results.

Figure 10. Expression of chemokines by 
stimulated effector cells. Supernatants 
from effectors stimulated for CTL assay 
were collected at day 6 and tested for cy-
tokine profile using specific chemokine 
ELISA kits for MIP-1a (A), RANTES (B), 
and MCP-1 (C) as described. These experi-
ments have been repeated two times with 
similar results.
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ducer of CD41 T cells, resulting in strong T helper–prolifera-
tive responses as well as increasing antibody responses. IL-8
coexpression also modulated the shift of immune responses to
Th1-type, indicated by the reduction of IgG1 to IgG2a ratio
and enhanced expression of IFN-g. On the other hand, IL-8
coadministration did not seem to have noticeable effect on
CD81 T cells, since it did not have any enhancement effect on
the CTL response.

SDF-1 interestingly binds directly to CXCR4 receptors,
which are expressed on both CD41 as well as CD81 T cells (4,
5). As this chemokine could directly interact with antigen-stim-
ulated T cells, it was somewhat surprising to note its lack of ef-
fect on either T helper or CTL responses. The major effect ob-
served was a shift in isotype towards a Th1 type, based on the
IgG subtype ratios.

It has been reported that MIP-1a can chemoattract and de-
granulate eosinophils (35). MIP-1a also induces histamine re-
lease from basophils and mast cells and is a chemotactic factor
for basophils and B cells (36, 37). These studies support our
observation that MIP-1a had the greatest effect on antibody
responses. In addition, MIP-1a was also a strong inducer of
T helper–proliferative responses. MIP-1a coexpression also
modulated the shift of immune responses to Th2 type, indi-
cated by the increase of IgG1 to IgG2a ratio. In contrast, MIP-
1a coimmunization had minimal effect on the CD81 T cell re-
sponse.

Unlike the effects of MIP-1a, RANTES coimmunization
had minimal effect on antibody responses. RANTES is a
monocyte chemoattractant. In addition, RANTES can chemo-
attract unstimulated CD41/CD45RO1 memory T cells and
stimulated CD41 and CD81 T cells (38–40). This ability of
RANTES to chemoattract CD41 and CD81 T cells to the site
of DNA immunization may have been important in inducing T
helper–proliferative responses and CTL responses. The en-
hanced activation of Th1 responses was supported by the in-
creased expression of Th1 cytokines IFN-g and TNF-a. The
high level of CTL responses induced by RANTES expression
was determined to be class I–restricted and CD81 T cell de-
pendent.

As a potent chemotactic factor for monocytes, MCP-1 is
thought to be an important chemokine in chronic inflamma-
tory disease (41). MCP-1 induces monocytes to migrate from
the bloodstream to become tissue macrophages. MCP-1 was
also found to chemoattract T lymphocytes of the activated
memory subset (42). Among all chemokines examined, MCP-1
is the most potent activator of CD81 CTLs. The enhancement
of CTL responses induced by MCP-1 expression was deter-
mined to be class I–restricted and CD81 T cell dependent. The
enhanced CTL results are supported by increased expression
of Th1 cytokines IFN-g and TNF-a and the reduction of IgG1
to IgG2a ratio. Unlike RANTES, MCP-1 had positive, but
moderate effect on the T helper cell–proliferative responses.
Like RANTES, MCP-1 coadministration had no effect on an-
tibody responses. This comparison highlights that while the in-
duction of humoral, T helper, and T cytotoxic responses are
coordinately regulated and integrated, they can be modulated
independently of each other, depending on the specific envi-
ronment in which the response is triggered.

In addition to their direct effects on immune responses, co-
expression of chemokine genes resulted in their increased ex-
pression in autocrine manner. For instance, we observed that
MIP-1a expression could be enhanced dramatically by coim-

munization with pCEnv1MIP-1a over the level expressed by
pCEnv immunization alone. Similar increases in RANTES
were observed from RANTES codelivery. These results imply
that these chemokines not only have a direct role in modulat-
ing immune responses, but they also amplify their effects by in-
ducing more production of chemokines in autocrine manner.
This feature could be exploited for developing immunogens
that drive chemokine production as well as humoral responses
to cooperatively block lentiviral infection.

An important observation was the role chemokines
RANTES and MCP-1 play in inducing TNF-a expression.
TNF-a is produced by activated macrophages and monocytes,
neutrophils, activated lymphocytes, and NK cells (43). TNF-a
is also implicated in septic shock after infection by Gram-nega-
tive bacteria (44) and in rheumatoid arthritis (45). Further-
more, TNF-a plays a pivotal role in regulating the synthesis of
other proinflammatory cytokines (22). Given TNF-a’s critical
roles in various ailments, there have been major efforts in re-
ducing the level of TNF-a in vivo as potential treatment for
conditions such as rheumatoid arthritis. In our experiments,
we observed that coexpression of RANTES or MCP-1 re-
sulted in the enhanced expression of TNF-a. These results sug-
gest that inhibiting RANTES and MCP-1 should be examined
as a strategy to downregulate TNF-a expression in vivo.

It is of interest that Th1 vs. Th2 phenotype appears to seg-
regate independently of other immune functions. IL-8 boosted
humoral responses but drives those responses towards a Th1
phenotype, cutting the IgG1/IgG2a ratio by almost 50% (Fig. 3
B). MIP-1a, perhaps the most prolific driver of serology,
skewed the IgG1/IgG2a ratio dramatically towards a Th2 re-
sponse (Fig. 5 B). It is clear that this manipulation can allow
for induction of primary antigen-specific immune responses
skewed towards a desired phenotype as well as immunoglobu-
lin isotype independently of each other. Furthermore, the in-
duction of cellular vs. higher humoral responses appeared to
be relatively polarized immune functions. Those chemokines
with the most dramatic effect on humoral responses, IL-8 and
MIP-1a, exhibited little effect on CTL responses whereas
those that mediated the most dramatic effects on CTL re-
sponses, RANTES and MCP-1, had minimal effects on serol-
ogy. The same CTL driving chemokines RANTES and MCP-1
both stimulated IFN-g and TNF-a, while the humoral re-
sponders had minimal effects on these important cytokines.

IL-8, SDF-1a, MIP-1a, MIP-1b, and RANTES are prod-
ucts of CD81 effector cells as well as other cells. Collectively,
these studies demonstrate that these chemokines can function
in a manner more similar to traditional Th1 or Th2 cytokines
in driving and expanding immunity. For example, while MIP-
1a can drive humoral responses, RANTES can drive CTLs.
This finding suggests that CD81 T cells, like CD41 T cells, can
play an important role, and perhaps a decisive role, in immune
expansion (Fig. 11). However, this expansion generally would
take place at the site of high-antigen density during effector
cell function rather than in the lymphoid organs (Fig. 11). For
example, as a part of active CD81 effector cell function at the
site of viral clearance, the local production of specific chemo-
kines would drive expansion of humoral and/or cellular immu-
nity until CD81 CTLs eliminated their targets and ceased be-
ing activated. Since CD81 T cells are ultimately responsible for
viral clearance, it is advantageous that they would control im-
mune responses at the front line battle site as they have the
specific machinery to determine when the invading pathogen
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has been cleared. The site of immune expansion would distin-
guish this regulatory role from the role of CD41 T cells that re-
quire APCs and class II presentation to assert their role in im-
mune regulation. In contrast, peripheral CTL action requires
only class I presentation that can be achieved by non-APCs.
How and if CD8 effector cells segregated into “Th1 versus Th2
chemokine” producing cells is a subject for future investiga-
tion.

These results outline a key regulatory role for CD81 effec-
tor cells in the expansion phase of an antigen-specific immune
response in the periphery. Better understanding of the mecha-
nism of immune expansion could have important implication
for the design of vaccines and immune therapies.
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