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SUMMARY

CD40 ligand is a costimulatory molecule which acts a potent immunomodulator. We found the mice
inoculated with human CD40 ligand expression plasmid (pMEhCD40L) combined with human
immunodeficiency virus type-1 (HIV-1) DNA vaccine exhibited both humoral and cellular antigen-
specific immunological enhancement. The expression of hCD40L induced predominantly antigen-
specific immunoglobulin G (IgG) antibody response while it failed to induce mucosal IgA response.
Delayed-type hypersensitivity (DTH) and cytotoxic T lymphocyte (CTL) activity were induced in a
dose-dependent manner. Examination of the relative levels of the two IgG subclasses showed that
co-injection of pMEhCD40L enhanced IgG2a response without suppressing IgG1 response.
Similarly, the expression of pMEhCD40L enhanced not only T helper 1 (Th1)- but also Th2-type
cytokine production. In conclusion, co-inoculation of pMEhCD40L with DNA vaccine was shown
to be a useful way to enhance CTL responses without suppressing the humoral immune response in

acquired immune deficiency syndrome (AIDS) patients.

INTRODUCTION

To control the acquired immune deficiency syndrome (AIDS)
pandemic, development of an effective vaccine against human
immunodeficiency virus type-1 (HIV-1) has a first priority in
current immunology and vaccinology. Previous reports have
demonstrated that HIV-1-specific cytotoxic T lymphocytes
(CTLs) play an important role in preventing progression of
AIDS or HIV disease.' = One of most promising techniques to
achieve this goal is DNA vaccination.*”” Although DNA
vaccination is characterized by its preferential induction of
CTL response, it might be more useful if it could elicit a high
level of humoral response as well. For this purpose, we studied
a CD40 ligand (CD40L) as a potent immunomodulator that
activates both T and B lymphocytes. CD40L (CD154), a
costimulatory molecule on the surface of activated helper T
lymphocytes, binds to CD40 of the tumour necrosis factor-o
(TNF-a) receptor family. In recent studies, CD40L was shown
to play an important role in the interaction between antigen-
specific T lymphocyte and antigen-presenting cells.®~!3
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The expression of CD40L is reported to enhance both T
helper 1 (Th2)- and (Th1)-type immune response.'’'*~1> The
expression of CD40L could therefore be expected to induce the
enhancement of both humoral and cellular immune responses
when used with DNA vaccine.

In the present study, we aimed to clarify (1) whether CD40L
expression could enhance cellular and humoral immunity
generated by DNA vaccine and (2) how Th1—Th2 dichotomy
estimated from the pattern of cytokine production was changed
in DNA immunization combined with CD40L.

MATERIALS AND METHODS

Animals and plasmids
BALB/c (H-2d) mice (6—10 weeks old) were purchased from
Japan SLC, Inc., Hamamatsu, Japan.

Plasmid pCMV160I1IB (IIIB) encoding gpl60 of HIV-
1IIIB and plasmid pcREV (REV) encoding HIV-1 rev were
described previously.'®

Plasmids, pMEhCD40L expressing human CD40L
(hCD40L) and pMEhCD40 expressing human CD40
(hCD40) were kindly donated by Dr J. Inoue (The Institute
of Medical Science, University of Tokyo, Japan). pME18S
(pSR-empty), a mock plasmid against hCD40L, was kindly
donated by Dr K. Nakajima (Nagoya City University,
Nagoya, Japan). As control plasmid for IIIB/REV, we used
pCMVempty vector (pCMVemp).
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Immunization protocol

Mice were immunized with 5 mg each of pCMV160I11B and
pcREV  associated with 1-50 mg of pMEhCD40L,
pMEKRCDA40, or mock plasmid twice at a three-week interval.
HIV-DNA vaccine has been described previously.'®~!° Direct
inoculation of the DNA vaccine into the biceps femoris muscle
was done as previously described."®™"® In some cases,
pMEhCD40L and DNA vaccine were separately injected into
contralateral legs (contralateral injection).

Antigen-specific antibody enzyme-linked immunosorbent assay
(ELISA)

ELISA was performed as described previously.'® Blood and
fecal samples were collected before immunizations and 1 week
after the second immunization and stored at —40°. Fecal
samples were prepared as described elsewhere.'® Recombinant
gpl160 protein (5 mg/ml) donated by the National Institutes of
Health AIDS Research and Reference Reagent Program was
coated onto 96-microwell plates (Nunc, Roskilde, Denmark)
and the wells were treated with blocking solution (1% bovine
serum albumin (BSA) in phosphate-buffered saline (PBS)).
Serial dilutions of sample sera were added and allowed to react
for 2 hr at 37°. After washing with 0-05% Tween-20/PBS, the
wells were treated with second antibodies, anti-mouse immu-
noglobulin G (IgG), A and M antibodies. Specific antibody
titres were expressed as the reciprocal value of the final
detectable dilution, which gave an optical density (OD4;s) of
> 0-2 OD units compared with each preimmunized sample.
IgG1 and G2a antibody titres were determined by comparison
with a standard curve generated using known dilutions of high-
titred antisera.

Footpad swelling test

Footpad swelling was measured as previously described.?’ Ten
days after the first immunization, mice were injected with
40 mg of R10I (RGPGRAFVTI, corresponding to amino acids
318—327 from the V3 loop of HIV IIIB gp120; H-2¢ restricted
epitope) into each footpad. After 24 hr, the extent of footpad
swelling was measured as the difference between the pre- and
postinjected footpad thickness using a Peacock dial thickness
gauge (Ozaki Co., Tokyo, Japan). Apart from these series,
some immunized mice were injected with other 10-mer peptide
as control peptide for R10L.

CTL assay

Spleen cells isolated from immunized or non-treated mice were
cultured for 5 days in the presence of irradiated syngeneic
spleen cells pulsed with R10I. CTL activity was determined by
effector-cell-mediated lysis of P815 mastocytoma cells (H-2%)
pulsed with R10I in a 6-hr chromium release assay. The
effector:target (E:T) ratio ranged from 5:1 to 80: 1. The
percentage of specific >'Cr release was calculated as:

100 x (experimental release — spontaneous release)
/(maximum release — spontaneous release)

ELISA and enzyme linked immunosorbent spot assay
(ELIspot) for cytokine measurement

Two million spleen cells from inoculated mice were restimu-
lated in vitro with 10 mg/ml of RI0I or 5 mg/ml of

© 1999 Blackwell Science Ltd, Immunology, 98, 436-442

concanavalin A (Con A) in a 24-well plate. After 48 hr,
interleukin-2 (IL-2), IL-4, and interferon-y (IFN-y) in the
culture media were quantitated by Cytoscreen immunoassay
kit (BioSource International, Camarillo, CA). The concentra-
tion of cytokines was determined using a standard curve
prepared with recombinant murine IL-2, IFN-y or IL-4.

Cytokine ELIspot assay was performed as previously
described.?! Cells were isolated from spleen and inguinal or
para-aortic lymph nodes 7 days after the second immunization.
Serial threefold dilutions of a single-cell suspension, starting
with 5 x 10° cells/well, were incubated at 5% CO,, 37° for
12 hr with or without 10 mg/ml of R101I. Spots were counted in
each well and the dilution was used to calculate the total
number of cytokine secreting cells/sample.

Data analysis

All values were expressed as mean + SEM. Statistical analysis
of the experimental data and controls were performed using the
two-tailed Student’s z-test or one-way ANOVA.

RESULTS

The effect of co-inoculation with hCD40L expression plasmid
on immunoglobulin production

Figure 1 shows HIV-11IIB-specific serum IgG and IgM titres
of groups with or without pMEhCD40L. Compared with a
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Figure 1. Antigen-specific serum and fecal antibody titre with or
without pMEhCD40L. Mice were immunized twice in 3-week intervals
with 5/5mg of IIIB/REV associated with indicated dose of
pPMEKCDA40L. ‘unilateral injection’ represent that IIIB/REV and
pMEhCDA40L were injected into the same leg and ‘contralateral
injection’ represent that each of IIIB/REV and pMEhCD40L was
separately injected into different legs. The fecal IgA titres were plotted
as the symbol <. Blood and fecal samples were collected at 1 week
after the second immunization. The symbol * indicates a significant
difference between them (P < 0-05). Data represented the
means + SEM of five to five mice in each group. Similar experiments
were performed three times.
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Figure 2. Footpad swelling response induced by DNA vaccine plus
pMERCD40L. Ten days after first immunization, mice were injected
with 40 mg of R10I or sperm whale myoglobin peptide. The DTH
responses were evaluated 24 hr after peptide injection. The symbol *
indicates a significant difference between them (P < 0:05). Data
represent the means + SEM of five to five mice in each group. Similar
experiments were performed three times.
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mock plasmid group, the groups co-inoculated with
pMEhCD40L showed higher titres of antigen-specific antibody
in both IgG and IgM isotypes. Especially in IgG response,
there was a significant difference between the two groups
(13-8 + 0-2 versus 9-0 + 1-23, P = 0-023). There was no
difference in fecal IgA response between these two groups
(6:05 + 0-60 versus 6:29 + 0-61, P = 0-78). Co-injection with
pMEACDA40 did not enhance either IgG or IgM response when
compared with a mock plasmid (IgG: 9-2 + 0-49, IgM:
9:0 + 1-225). It was suggested that the co-inoculation with
pPMEhCD40L predominantly induced antigen-specific IgG
production.

IL-4 promotes the switch from IgM to IgG1 while IFN-y
promotes the switch from IgM to IgG2a, and we previously
demonstrated that the balance between Thl and Th2 response
could be reflected by the ratio of IgG2a and IgG1 antibodies.?
To examine Th1/2 balance, IgG1 and IgG2a subclasses of HIV-
HIIIB-specific serum IgG were assayed. The group co-injected
with pMEhCD40L showed slightly increased titre of HIV-
1-specific IgG1 antibody compared with the group co-injected
with mock plasmid (1614 + 17-3 versus 131-5 + 17-5,
P = 0-24). The titre of antigen-specific 1gG2a antibody was
significantly elevated by pMEhCD40L co-injection compared
with mock plasmid co-injection (214-7 + 19-9 versus
1345 + 19-5, P = 0-014). IgG subclasses were switched to
predominant IgG2a response by addition of pMEhCD40L
expression plasmid. These results suggest that expression of
CD49L preferentially augments the Thl-dependent response
reflected by the IgG2a response.

Percent target cell lysis (%)

IB/REV 5/5 ug

+ mock plasmid 20 pg

IIIB/REV 5/5 ug

+ pMEhCD40L 10 pg

IIIB/REV 5/5 ug 18

+PMENCDAOL 20 1 [FRRREE

(unilateral injection)

IIIB/REV 5/5 ug

+ pMEhCDA40L 50 pg

IIIB/REV 5/5 ug

0 10 20 30 40 50 60
1 1 1 1 1 1 J
INIB/REV 5/5 ug
+ pMEhCD40L 1 pg 1
) )
|
A
*
—
]
g 1

+ pMEhCDA40L 20 pg

Non-treated mice

(contralateral injection) |
IIB/REV 5/5 ug
+ pMEhCD40 20 pg

B eT=5
B e71=20
[0 eT=s0

Figure 3. Antigen-specific CTL activity of pMEhCD40L-injected mice. Two weeks after second immunization, spleen cells were
isolated and restimulated in vitro with R10I peptide. Syngeneic spleen cells pulsed with R10I peptide were used as targets. Data
represent the means (SEM of five mice from three separate experiments. * indicates CTL activity were significantly enhanced

compared with mock group at E/T ratio of 40 and 80 (P < 0-05).
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Table 1. ELIspot assay of mice co-inoculated with HIV-1 DNA vaccine and hCD40L expression plasmid

10 mg/ml of >R10I (CTL epitope) cocultured

Spleen (spots/10° cells)

Lymphnode (spots/10° cells)

+hCD40L* empt +mock§ +hCD40L* empt +mock§
IL-4 114 + 3-21 5:02 + 1-59 639 + 1-29 80 + 24-4§ 7-54 + 2-98 882 + 249
IFN-y 19-1 + 5-45§ 632 + 1-29 571 + 1-26 213 £ 64:4§ 833 + 1-83 24 + 675
+hCD40L* empt +mocki +hCD40L* empt +mocki
IL-4 543 + 4-31 56 + 3-23 2-83 + 1-27 5425 4-76 + 2-38 2:94 + 1-47
IFN-y 5:36 + 2-86 4-41 + 2-21 2:6 + 131 11-3 + 875 833 + 595 4-78 + 2-57

*Mice were injected with 5/5 mg of IIIB/REV and 10 mg of pMEhCDA40L twice in 3-week intervals.
FInstead of IIIB/REV, CMV-emp vector (10 mg) was inoculated associated with pMEhCD40L (10 mg).

tMock plasmid (10 mg) was inoculated instead of pMEhCD40L.

§This value is significantly different (P < 0-05) from that obtained with mock group.

Enhancement of delayed-type hypersensitivity (DTH) response
by co-inoculation with HIV-1 DNA vaccine and hCD40L
expression plasmid

The HIV-1-specific DTH reaction was analysed by assessing
the footpad swelling response 10 days after the first immuniza-
tion. As shown in Fig. 2, mice given a co-injection of IIIB/REV
and pMEhCD40L exhibited dose-dependent enhancement of
footpad swelling response, and there was a significant
difference between the pMEhCD40L 20 mg group and the
mock plasmid group (17-0 + 1-02 versus 8:67 + 167
x 1072 mm, P = 0-013). An injection of pMEhCD40L to

the contralateral leg enhanced DTH response equally well
(179 4 2:52 versus 17:0 + 1:02 x 107> mm, P = 0-75).
There is no difference in DTH response (8:67 + 1-67 versus
920 + 2:6 x 1072 mm) between the mock group and the
group co-injected with pMEhCD40. No enhancement was
observed in DTH response against control peptide. The group
co-injected with control plasmid (pCMVemp) and
pMEAhCD40L did not show any response against I1IB peptide
(1:67 & 1-45 x 1072 mm). These results clearly demonstrated
that co-injection with pMEhCD40L contributed to the
enhancement of antigen-specific DTH response.
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Figure 4. Cytokine production in the culture media of the splenocytes with R10I or Con A. Mice were inoculated with the vaccine
formulated as shown. Spleen cells were harvested at two weeks after second immunization. These cells were cultured in the presence of
the 10 mg/ml of R10I (a) or 5 mg/ml of Con A (b). The results were determined by a duplicate assay and presented as means + SEM
for three mice in each group. The symbol * means significant enhancement in the cytokine production compared with mock group

(P < 0-05).
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Enhancement of CTL activity by co-inoculation with HIV-1
DNA vaccine and hCD40L expression plasmid

To confirm the enhancement of antigen-specific CTL activity,
we assayed V3 peptide from gpl60 specific CTL activity. As
shown in Fig. 3, there was a dose-dependent enhancement of
CTL activity in the group co-injected with pMEhCD40L
(F =376 > Fa = 3-20). Compared with a mock plasmid
group, the group co-injected with same amount of
PMEKCD40L plasmid showed a significant enhancement of
CTL activity at E/T ratio of 20 and 80 (E/T = 20; 10-30 + 0-1
versus 556 + 1:37%, P =0-050, E/T =80; 33-89 + 7-06
versus 16:01 + 0-16%, P = 0-048). The group injected with
pMELRCD40L and the DNA vaccine in the contralateral legs
exhibited the same enhancement of CTL activity as the co-
injected group. There was no enhancement of CTL activity in
the group co-injected with pMEhCD40 compared with the
mock group (15-18 + 1-748 versus 16-01 + 0-16%)

The cytokine production profile using hCD40L expression
plasmid

As shown in Fig. 4, the group co-injected with pMEhCD40L
exhibited higher levels of IL-2 and IFN-y in the culture
supernatant stimulated with R10I than the group co-
injected with mock plasmid (IL-2: 44-47 4+ 3-086 versus
32-85 + 0-973 pg/ml, P = 0-045, IFN-y: 6-77 + 1-037 versus
4-664 + 0-332 pg/ml, P =0-038). This suggested that
pPMELRCD40L plasmid enhanced antigen-specific Thl cytokine
production. At an optimal concentration of Con A, there was
no significant difference in I1L-2, IL-4 and IFN-y production
among these three groups.

For further analysis of cytokine secretion profile, we used
the cytokine ELIspot technique, which has been shown to have
higher sensitivity than ELISA in detecting cytokine produc-
tion. As shown in Table 1, we could detect the spots of antigen-
specific IL-4-producing cells with R10I peptide stimulation.
The group co-injected with pMEhCD40L showed twice the
number of spots of IL-4 producing cells and approximately
threefold increase in the number of spots of IFN-y-producing
cells in spleen cells, compared with the group co-injected with
mock plasmid. In cells from lymph nodes, the group with
pMEhCDA40L had a ninefold increase in the number of spots of
IL-4 producing cells and an eightfold increase in the number of
spots of IFN-y-producing cells. Without stimulation, there was
a similar number of spots among all groups for IL-4 and IFN-y
production.

DISCUSSION

We performed our experiments using pMEhCD40L, a vector
encoding hCD40L, which is identical to mCD40L. The cross-
reactivity between human and murine CD40L was reported in
previous reports.>%!*?3 The two sequences exhibit 78% amino
acid identity. There is 81% amino acid identity between the
cytoplasmic domains, and 75% between the extracellular
domains.® In several papers, it was reported that hCD40L
could affect murine cells.®!42326 Previously, Mendoza et al!
reported the immunostimulatory effect of a plasmid expressing
CD40L on gene immunization. We therefore examined in detail

whether inoculation with a DNA vaccine combined with
hCD40L expression vector would be effective against HIV.

Co-inoculation with pMEhCD40L enhanced the produc-
tion of antigen-specific serum antibody, especially in IgG titre,
while there was no difference in whole IgG and IgM production
among the groups (data not shown). Therefore, it was
suggested that the expression of hCD40L would enhance not
polyclonal but antigen-specific antibody production. There are
two possible explanations for this humoral enhancement. First,
antigen-specific B lymphocytes activated by DNA vaccination
are thought to express more CD40 on their surface, and
hCD40L could act selectively on these antigen-specific B
lymphocytes. Second, antigen-specific CD4" T-lymphocyte
response could be enhanced by co-injection with
pPMEhCD40L, which thereafter help to activate antigen-
specific B lymphcytes.

Concerning protection against HIV, mucosal immunity is
an important factor. Hence, the increase in antigen-specific
mucosal IgA production was one of requirements for an
effective HIV vaccine. In our experiments, however, there was
no enhancement in fecal antibody in the group co-inoculated
with pMEhCDA40L. It was supposed that either the expression
of hCD40L could not work on the production of mucosal IgA
antibody or that intramuscular injection was not a proper route
for the induction of mucosal antibody.?’

More importantly, the expression of hCD40L enhanced
HIV-1-specific cellular immune response assessed by DTH
swelling in a dose-dependent manner. DTH is supposed to
reflect mainly the response of CD4" T lymphocytes. The
expression of hCD40L is suggested to induce antigen-specific
CD4" T-lymphocyte response effectively. The expression of
hCD40L also enhanced CTL response.

These results together demonstrated that the expression of
hCD40L could enhance cellular immunity as well as humoral
immunity. Armitage et al. showed that both soluble and
membrane-bound CD40L act as a T-cell growth factor.'*
Sallusto et al. reported that surface major histocompatibility
complex (MHC) class I and class II molecules were increased
when dendritic cells (DCs) were incubated with CD40L.%
Interestingly, Bennett and Schoenberger showed that signalling
through CD40 on the antigen-presenting cell (APC) can replace
CD4" helper T lymphocytes in priming helper-dependent
CD8" CTL responses.?”** In our present study, there are three
possible explanations for this enhancement. First, both
pPMEhCD40L and IIIB/REV are taken up by APCs and
hCD40L was then expressed as membrane-bound form on
APCs to stimulate themselves with each other, which could
result in the augmentation of immune response. Second, the
inoculated pMEhCD40L is expressed on helper T cells
separately from IIIB/REV and expressed on T lymphocytes,
which then serve to activate APCs. Finally, pMEhCD40L is
taken up by certain cells and express in soluble form to
stimulate APCs involved in presenting the antigens.

To examine the actual mechanism, each of pMEhCD40L
and IIIB/REV were separately injected into opposite legs. The
results demonstrated that hCD40L could show its immunos-
timulatory properties even through contralateral injection. Our
results suggested that a soluble form of hCD40L or hCD40L
expressing cells might be carried and bound to CD40 on
antigen-presenting APCs. Mendoza et al. reported that animals
injected with DNA vaccine and pCD40L at different sites did
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not show enhanced CTL response.’’ We have no way of
explaining the difference between their results and ours. It
might depend on the difference between mCD40L and
hCD40L or the difference between the vectors studied.

Next we analysed cytokine production using ELISpot
assay. This method enables us to count directly the number of
cytokine-producing cells and to evaluate the balance between
Thl and Th2 activation more precisely; this is because the
ELISpot data was shown to reflect only the rate of cytokine
production while ELISA data reflect not only the rate of
production but also the rate of decay and consumption of
cytokine. Using this ELISpot technique, we found that the
number of IFN-y-producing cells and IL-4-producing cells
were both increased prominently by the expression of hCD40L.
This result indicates that the expression of hCD40L caused the
stimulation of both Thl and Th2 cells which was not indicated
by the analysis using ELISA. The increased production of
IgG2a without suppression of IgG1 production is consistent
with bilateral stimulation of Th1l and Th2 cells.

Generally, an adjuvant is supposed to enhance either Thl-
or Th2-type immune response. In contrast, the addition of
pPMELRCD40L could enhance both humoral and cellular
immunity without changing the balance between Thl and
Th2 under DNA vaccination and can enhance the production
of both IL-4 and IFN-y, so it is thought to be a unique
adjuvant.

Our results showed that the cells from inguinal or para-
aortic lymph nodes had more antigen-specific cytokine-
producing cells than the cells from spleen. This is an important
observation to show the exact site where antigen presentation
occurs in the DNA vaccine system. Robinson et al. reported
that immune response was obtained even they ablated the
immunized mouse muscle immediately after immunization.
They hypothesized that antigen presentation occurred not at
the injected focus but at a close lymph node or in the spleen via
the blood stream where DNA vaccination was given intra-
muscularly.*>* Our results support their hypothesis.

The present study clearly demonstrated adjuvant activity of
hCD40L in DNA vaccination against HIV and the vaccination
combined with pMEhCD40L is expected to contribute to the
development of more effective vaccination than one combined
with conventional adjuvant. Especially, in AIDS patients with
decreased CD4" helper T lymphocytes, hCD40L in DNA
vaccination may provide an opportunity for enhancement of
CTL activity. In fact, we planned the experiment using this
plasmid in severe combined immunodeficiency (SCID)/Hu
mice because this model can simulate immunologically the
human being infected with HIV.
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