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Abstract

CDA40/CD40 ligand interactions have a central role in the induction of both humoral and cellular
immunity. In this study, we examined whether a plasmid expressing CD40 ligand/trimer (CD40LT)
could enhance immune responses in vivo. BALB/c mice were injected with plasmid expressing g-
galactosidase DNA with or without CD40LT DNA or IL-12 DNA, and immune responses were
assessed. Mice vaccinated with #-gal DNA plus CD40LT DNA or IL-12 DNA had a striking increase
in Ag-specific production of IFN-y, cytolytic T cell activity, and IgG2a Ab. The mechanism by which
CD40LT DNA enhanced these responses was further assessed by treating vaccinated mice with anti-
IL-12 mAb or CTLA-4 Ig (CTLAA4Ig). Production of IFN-y and CTL activity was abrogated by these
treatments, suggesting that CD40LT DNA was mediating its effects on IFN-y and CTL activity
through induction of IL-12 and enhancement of B7 expression, respectively. Physiologic relevance
for the ability of CD40LT DNA to enhance immune responses by the aforementioned pathways was
shown in two in vivo models. First, with regard to CTL activity, mice vaccinated with CD40LT DNA
did not develop metastatic tumor following challenge with lethal dose of tumor. Moreover, in amouse
model requiring 1L-12-dependent production of IFN-y, mice vaccinated with soluble Leishmania Ag
and CD40LT DNA were able to control infection with Leishmania major. These data suggest that
CD40LT DNA could be a useful vaccine adjuvant for diseases requiring cellular and/or humoral
immunity.

The goal in developing effective vaccines for a particular disease depends on several factors.
The first and perhaps most important factor is identification of a conserved Ag capable of
inducing protection in an outbred population. Because various diseases have different
requirements for protective immunity, it is also important to design vaccines that can induce
an appropriate qualitative and quantitative immune response. One final consideration is that
some diseases may require different types of immune responses for effective primary and
memory immunity. In experimental murine models for most viral infections, primary immunity
appears to be mediated predominantly through humoral immunity (1), while for other
intracellular infections, such as Leishmania major (2) or Mycobacterium tuberculosis (3), cell-

Iaddress correspondence and reprint requests to Dr. Robert A. Seder, Clinical Immunology Section, Laboratory of Clinical Investigation,
National Institute of Allergy and Infectious Diseases, Building 10, Room 11C215, National Institutes of Health, Bethesda, MD 20892.
E-mail address: rseder@nih.gov



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gurunathan et al.

Page 2

mediated immunity appears to be the likely mechanism. It should be noted, however, that in
some instances (e.g., HIV), both humoral and cellular responses may be required for primary
immunity and the maintenance of an effective memory response. Thus, vaccine strategies
designed to induce a broad immune response may provide Ab-based protection following
primary exposure and memaory/effector cellular responses capable of controlling disease on
reactivation or reinfection.

DNA immunization has recently been shown to induce potent humoral and cellular responses
in vivo (4). More important, protective immunity for several infectious disease and tumor
models has been demonstrated using this technology (4). Among the potential advantages of
using plasmid DNA for a particular Ag rather than a purified protein plus adjuvant is that DNA
can induce both MHC class | (5-7) and class Il (8) responses. In addition, plasmid DNA itself
contains specific immunostimulatory sequences (1SS)? containing unmethylated CpG motifs
that provide potent adjuvant effects in murine in vivo models (9-14). Moreover, while in vitro
data using PBMCs suggest that ISS are able to elicit inflammatory cytokines (14), it is not clear
whether these ISS are as effective in inducing immune responses from human cells in vivo.
Thus, because DNA vaccination still provides such an effective way to present Ag, several
studies have utilized plasmid DNA encoding for cytokine or costimulatory molecules as an
additional way to enhance the type and magnitude of the immune response.

The study reported in this work focuses on the ability of a novel trimeric CD40 ligand DNA
(CD40LT) to enhance Ag-specific Ab, cytokine, and CTL responses following in vivo
immunization. Previous work has shown the CD40L/CD40 costimulatory pathway to be a
central regulator of both humoral and cellular immune responses (15,16). CD40L is a type Il
membrane glycoprotein with homology to TNF and lymphotoxin-a, which are ligands known
to exist as homotrimers (17,18). The interaction of CD40L and CD40 is both responsible for
activation of B cells allowing for isotype switching (19) and important in T cell activation
(20) and production of type 1 cytokines (IL-12, IFN-y) in response to protein Ags (21-25).
Moreover, CD40L has been shown to play an important role in CTL memory responses
following viral infection (26). The mechanism by which CD40L/CDA40 regulates cellular
responses is primarily through induction of IL-12 and other inflammatory mediators from
APCs (22-25) and/or through enhancement of the expression of various cell surface molecules
(e.9., B7-1, B7-2) (27-31). Previous work has revealed that monomeric, dimeric, and trimeric
CDA40L constructs all bind to CD40 (18); however, there appears to be a greater capacity for
trimeric CD40L to trigger biologic responses (18). Thus, in this study, the mechanism by which
atrimeric CD40L DNA (CD40LT) induces enhancement of both humoral and cellular immune
responses in vivo was investigated. The data show that the ability of CD40LT DNA to enhance
cytolytic T cell activity and cytokine responses is influenced by enhancement of B7
costimulation and production of IL-12, respectively. These mechanisms were shown to be
biologically important using a murine tumor and infectious disease model.

Materials and Methods

Mice

Female BALB/c mice were purchased from Division of Cancer Treatment, National Cancer
Institute (Frederick, MD), and kept in National Institute of Allergy and Infectious Diseases
Animal Care Facility under pathogen-free conditions. Mice used were between 6 and 8 wk of
age.

2 Abbreviations used in this paper: ISS, immunostimulatory sequence; $-gal, -galactosidase; CD40L, CD40 ligand; CD40LT, CD40
ligand/trimer; SLA, soluble Leishmania Ag.
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Media and reagents

HBSS (Biofluids, Rockville, MD) was used as wash medium. RPMI 1640 (Biofluids)
supplemented with 10% FCS (Biofluids), penicillin (100 U/ml), .-glutamine (2 mM), sodium
pyruvate (1 mM), and 2-ME (0.005 mM) was used to culture splenocytes and lymph node cells.

Plasmid construction and purification

A plasmid encoding the Escherichia coli LacZ gene under the control of a CMV intermediate-
early promoter, designated 5-gal DNA, was kindly provided by J. Haynes (PowderJect,
Madison, WI). cDNA encoding murine CD40L fused to an IL-7 leader and a leucine zipper
sequence (CD40LT) in plasmid vector (Bluescript11SK+) was kindly provided by M. Spriggs
(Immunex, Seattle, WA). The CD4O0LT fusion protein insert was excised using Notl/Kpnl and
ligated into expression vector PCDNA-3, downstream of the CMV promoter (Invitrogen, San
Diego, CA) and designated CD40 ligand/trimer DNA (CD40LT DNA). Immunoprecipitation
of murine CD40LT from COS cells (transfected with the PcDNA-3 CD40LT DNA) using a
mADb to the leucine zipper showed a 35-kDa band in lysates and supernatants of the transfected
cells. A eukaryotic expression vector carrying IL-12 DNA was kindly provided by J. Haynes
(PowderJect). IL-12 DNA was able to produce biologically active protein from supernatants
of COS cells transfected with IL-12 DNA (data not shown). Plasmid DNA was purified by two
cycles of cesium chloride gradient ultracentrifugation. The 260/280 ratios ranged from 1.8 to
2. The endotoxin content from purified plasmid DNA was found to be <5 endotoxin units/ml.

Immunization

Female BALB/c mice were injected s.c. in their hind footpads with 100 ug of 5-gal plasmid
DNA in 50 ul of sterile PBS. Additionally, in some groups, f-gal DNA was combined with
100 ug of plasmid DNA encoding for IL-12 or CD40LT DNA and injected as above. Mice
were boosted 2 to 3 wk later with their initial regimen.

Treatment of mice with neutralizing Abs

Purified neutralizing mAb (1 mg/mouse i.p.) against murine 1L-12 (hybridoma c17.8) was
obtained from G. Trinchieri (Wistar Institute, Philadelphia, PA) and injected into mice at the
time of initial vaccination and boost. CTLA4lg (100 ug/mouse i.p.) and control L6lg Ab (100
ug/mouse i.p.) were obtained from P. Linsley (Bristol-Meyers Squibb, Seattle, WA) and
injected into mice at the time of vaccination and boost.

Cytokine production assay

Mice were euthanized, and spleens from individual mice were harvested 2 wk after the last
vaccination. Single-cell preparations from spleens were plated in triplicate in a 96-well
microtiter plate at 3 x 10° cells/200 xl. Recombinant s-gal protein (20 g/ml) (Sigma, St. Louis,
MO) or human serum albumin (10 xg/ml) was added to cultures, and supernatants were
collected 48 h later and stored at —20°C.

Measurement of cytokine production

Measurements of IFN-y (32) and IL-4 were assessed by specific ELISA. The lower limits of
detection of IFN-y and 1L-4 were 30 and 1.5 pg/ml, respectively.

Measurement of B-gal-specific Ab responses

S-gal-specific Ab responses were measured using a sandwich ELISA. BALB/c mice were
immunized as described above. Pooled serum samples (n = 5-10 mice per group) were obtained
2 wk after the last immunization and were analyzed for the presence of g-gal-specific Abs.
Briefly, 96-well microtiter Immulon-4 plates (Dynatech, Chantilly, VA) were coated with -

J Immunol. Author manuscript; available in PMC 2008 February 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gurunathan et al.

Page 4

gal protein (10 xg/ml) overnight at 4°C. Plates were blocked with 2% BSA/PBS at 37°C for 1
h to prevent nonspecific binding. Serum was added at serial fivefold dilutions (starting at 1/5)
and incubated overnight at room temperature. Horseradish peroxidase-conjugated goat anti-
mouse 1gG1 or 1gG2a (Southern Biotechnology Associates, Birmingham, AL) was added for
1 h at 37°C to detect the Ab complex immaobilized to the wells. The resulting complex was
detected by peroxidase substrate (Kirkegaard & Perry Laboratories, Gaithersburg, MD).
Absorbance was read on an ELISA plate reader (Dynatech) using a 410-nm filter referenced
to 570 nm.

Cytolytic T cell °1Cr release assay

Primary lymphocyte effector cells were generated in vivo by immunization with s-gal DNA
with or without cytokine DNA. Secondary in vitro effector populations were generated by
harvesting spleens 10 to 14 days after the second immunization and culturing single-cell
suspension of splenocytes for 5 days in T-75 flasks (Nunc, Roskilde, Denmark) at a density of
3 x 10° cells/ml with 1 ug/ml of H-2 L9-restricted synthetic peptide (33). A S-gal-expressing
tumor cell line (CT26.CL25) or peptide-pulsed CT26 wild-type cells were used as targets.
Target cells were mixed with effector cells for 6 h at 37°C at the E:T ratios indicated. A

6-h 51Cr release assay was performed as previously described (33). Unpulsed CT26 wild-type
target cells (CT26.WT) were used as negative controls for each experiment. In all experiments,
lysis was <10% using unpulsed target wild-type cells.

Flow-cytometry analysis

Mice from each of the vaccination groups were euthanized 2 or 7 days after a DNA boost, and
single-cell suspensions of spleens from two mice were pooled. Splenocytes (10°) were stained
with FITC-conjugated Abs to B7.1 or B7.2 and phycoerythrin-conjugated (1-A9) anti-class 11
(PharMingen, San Diego, CA) and analyzed on a FACScan flow cytometer (Becton Dickinson,
San Jose, CA). Cells displaying typical lymphocyte and macrophage scatter were gated, and

two-color dot plots were generated using CellQuest software.

Infectious challenge with L. major

Female BALB/c mice were injected in their hind footpads with 100 xg of plasmid DNA (IL-12,
CDA40LT, control PcDNA-3) in 50 .l of sterile PBS. Two days after the above injection, plasmid
DNA was combined with 25 ug of protein Ag (SLA) and injected into the hind footpad as
above. As a control, mice were injected as above with 25 ug of SLA with or without 2 ug of
riL-12 (Genetics Institute, Cambridge, MA). Mice were boosted 3 wk later with their initial
regimen. Two weeks after the last vaccination, mice were challenged by injection in the hind
footpad opposite that in which they received vaccination with 1 x 10° metacyclic promastigotes
(34). Weekly footpad swelling measurements were recorded using a caliper.

Tumor challenge studies

CT26.WT is a clone of the N-nitroso-N-methylurethane-induced BALB/c (H-29)
undifferentiated colon carcinoma (33). Following transduction with a retrovirus encoding the
LacZ gene, CT26.WT was subcloned to generate the g-gal-expressing cell line CT26.CL25.
CT26.CL25 was grown in complete media and 400 xg/ml of G418 (Life Technologies, Grand
Island, NY). Mice were immunized with g-gal DNA with or without CD40LT DNA, as
described above, and challenged i.v. with 1.75 x 10% CT26.CL25 tumor cells. Twelve days
later, lungs were harvested and pulmonary metastases were enumerated in a blind manner.

J Immunol. Author manuscript; available in PMC 2008 February 12.
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Statistics
Statistical evaluation of differences between means of experimental groups was done by
analyses of variance and multiple Student's t tests. A value of p < 0.05 was considered to be
significant.

Results

CD40LT DNA and IL-12 DNA can influence the production of Ag-specific IFN-y

CDA40L/CDA40 interactions have been shown to be important regulators in the induction of type
1 cytokine (IL-12, IFN-y) responses (21-25,35). Thus, it was of interest to evaluate whether
CDA40LT DNA, when administered together with DNA for a specific Ag, could affect the
qualitative and/or quantitative immune response in vivo. In addition, the ability of CD40LT
DNA to effect production of Thl cytokines was directly compared with IL-12 DNA.

In the initial experiment, mice were injected s.c. with -gal DNA with or without IL-12 DNA
or CD40LT DNA and boosted 2 to 3 wk later with the same regimen. Production of IFN-y and
IL-4 was assessed 2 wk after the last vaccination by stimulating total splenocytes in vitro with
S-gal or a control protein. As shown in Figure 1A, mice injected with g-gal DNA plus IL-12
DNA or CD40LT DNA had increased production of Ag-specific IFN-y compared with mice
injected with s-gal DNA alone. In contrast, mice vaccinated with S-gal DNA and IL-12 DNA
or CD40LT DNA had a minimal increase in Ag-specific IL-4 production over mice vaccinated
with S-gal DNA alone (Fig. 1B). These data suggest that IL-12 and CD40LT DNA specifically
enhance Thl cytokine production.

CD40LT DNA and cytokine DNA influence the production of Ig subtypes in vivo

As cytokines such as IL-4 and IFN-y influence Ab class switching, S-gal-specific production
of Ab subtypes was assessed to provide an indirect but physiologic correlate of the pattern of
cytokine production in vivo. As shown in Figure 2A, mice vaccinated with g-gal DNA plus
CD40LT DNA or IL-12 DNA had a substantially higher (2-3 log) increase in the level of IgG2a
compared with mice vaccinated with $-gal DNA alone. Furthermore, treatment of mice injected
with -gal plus CD40LT DNA or IL-12 DNA with anti-IL-12 mAb abrogated much of the
increase in 1gG2a, providing evidence that induction of 1gG2a in vivo by these DNAs is due
to induction of IL-12.

With regard to 1gG1 Ab production, mice vaccinated with -gal DNA plus IL-12 or CD40LT
DNA all had substantially greater titers (2—3 log) of IgG1 compared with those vaccinated with
S-gal alone (Fig. 2B). Of interest, anti-1L-12 treatment reduced much of the increase in 1gG1
induced by IL-12 DNA and, to a lesser extent, CD40LT DNA.

CD40LT DNA and IL-12 DNA increase Ag-specific cytotoxic T cell responses

To study the effects that CD40LT DNA and I1L-12 DNA had on Ag-specific CTL responses,
mice were immunized with g-gal DNA with or without IL-12 DNA or CD40LT DNA and
boosted 2 to 3 wk later with the same regimen. Two weeks after the boost, CTL responses were
assessed. As shown in Figure 3, cells from mice injected with s-gal DNA plus CD40LT or
IL-12 DNA had enhanced CTL responses compared with those from mice injected with S-gal
DNA alone. Taken together with the previous figures, these data show that CD40LT DNA
enhances both humoral and cellular immune responses. The mechanism by which CD40LT
DNA mediates these responses is discussed below.

J Immunol. Author manuscript; available in PMC 2008 February 12.
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CD40LT DNA enhances production of IFN-y in an IL-12- and B7-dependent manner

The ability of CD40L/CDA40 stimulation to regulate type 1 (IFN-y, IL-12) cytokine production
has been shown to occur through at least two mechanisms (35), the first through the induction
of IL-12 from APCs (22-25) and the second via the ability of CD40L/CD40 stimulation to
enhance expression of costimulatory cell surface molecules (e.g., B7-1, B7-2), causing
increased T cell stimulation and production of IFN-y (21,35). To evaluate both of these
mechanisms, mice were injected with f-gal DNA plus CD40LT DNA and treated with either
anti-1L-12 or CTLA4Ig at the time of each vaccination. Similar to the results seen above, mice
injected with $-gal plus CD40LT DNA plus L6lg (control for CTLA4Ig) had an increase in
IFN-y compared with those injected with $-gal alone (Fig. 4). By contrast, mice injected with
F-gal DNA plus CD40LT DNA and treated with anti-1L-12 had >90% inhibition of IFN-y
production. These results are consistent with the central role for CD40L/CDA40 stimulation in
regulating 1L-12 production in response to a protein Ag in vivo (20).

The role of B7/CD28 costimulation in regulating IFN-y production following vaccination with
S-gal with or without CD40LT DNA was evaluated by treating mice with CTLAA4Ig or a control
Ab (L61g) at the time of vaccination. All mice treated with CTLA4Ig had complete inhibition
of IFN-y production. In the same experiment, CTLAA4Ig also inhibited S-gal-specific in vitro
proliferation (data not shown). These data underscore the importance of B7/CD28
costimulation in regulating primary T cell responses and show that the enhancement of 1FN-
y by CD40LT DNA is also dependent on B7 costimulation (see below).

CD40LT DNA enhances expression of costimulatory molecules B7-1 and B7-2

To further evaluate the mechanism by which CD40LT DNA enhances immune responses in
vivo, splenocytes from mice vaccinated with 5-gal DNA with or without CD40LT DNA were
analyzed by FACS for the expression of B7-1 and B7-2. When examined 2 days after the second
vaccination, cells from mice vaccinated with s-gal DNA plus CD40LT DNA had a two- to
threefold increase in the number of B7-1 and B7-2 MHC class Il-expressing cells compared
with cells from mice vaccinated with $-gal DNA plus control DNA (Fig. 5A). There was also
a threefold increase in expression of B7-1 from splenocytes of mice vaccinated with s-gal plus
CD40LT DNA when assessed 7 days after the boost; however, there was a more modest
increase in expression of B7-2 at this time (Fig. 5B). It should be noted that while the fold
increase in B7-1 was the same 2 and 7 days after the second vaccination from mice injected
with CD40LT DNA, the number of cells expressing B7-1 was greater 7 days after the second
vacci-nation. Finally, the ability of CD40LT DNA to enhance expression of either B7-1 or
B7-2 was completely abrogated by treatment of mice with CTLA4Ig, but not with control L6lg.

CD40LT DNA-induced CTL responses are CD8 and B7 dependent

The previous figures support the notion that CD40LT DNA enhances CTL responses through
a B7-dependent mechanism. Therefore, CTL responses were assessed from mice vaccinated
with S-gal DNA plus CD40LT DNA and treated with CTLAA4Ig or control L61g. As shown in
Figure 6, mice vaccinated with $-gal plus CD40LT DNA and treated with L61g had strong
CTL responses, while mice treated with CTLA41g had markedly diminished responses.
Addition of anti-CD8 Ab at the time of the CTL assay substantially diminished CTL activity
(p < 0.05), providing evidence that the CTL activity was CD8 dependent. In contrast, the
addition of anti-CD4 mAb to cultures did not significantly diminish CTL activity (p > 0.05).
Moreover, using target cells pulsed with an MHC class I-restricted peptide (5-gal plus CD40LT
plus L6lg plus peptide) provides additional evidence that the CTL activity is class | restricted.

J Immunol. Author manuscript; available in PMC 2008 February 12.
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Functional evidence for a role of CD40LT DNA in regulating immune responses in vivo
through CTL or IL-12 production

Because CD40LT DNA induces strong CTL responses following in vitro stimulation, it was
of interest to see whether these responses were functional in vivo. To address this, mice were
vaccinated in a similar manner as described above and then challenged i.v. with a g-gal-
expressing undifferentiated adenocarcinoma 2 to 3 wk after the boost. As shown in Table I,
mice vaccinated with g-gal plus CD40LT DNA had little to no detectable pulmonary metastases
when assessed 10 days after challenge, while three of five mice injected with $-gal alone had
detectable pulmonary metastases.

In Figure 4, it was demonstrated that CD40LT DNA induced an IL-12-dependent enhancement
in production of IFN-y. To assess the ability of CD40LT DNA to induce a protective immune
response in a model in which I1L-12-dependent production of IFN-y is required (36), the murine
model of L. major infection was used. Previous work has shown that susceptible BALB/c mice
vaccinated with either a SLA or a cloned Leishmania protein with rIL-12 protein can induce
a protective immune response following infection (37,38). In the experiment shown in Figure
7, the ability of either CD40LT DNA or IL-12 DNA to induce a protective immune response
when given in conjunction with SLA was compared with that of SLA plus rIL-12 protein. Mice
vaccinated either with SLA plus CD40LT DNA or with IL-12 DNA effectively controlled
infection with L. major, as assessed by footpad swelling. This protection was comparable with
that achieved by SLA and rIL-12 protein. In addition, the control of disease progression and
reduction in parasite burden in mice vaccinated with CD40LT DNA or IL-12 DNA were
associated with an increase in Ag-specific production of IFN-y (data not shown). Thus, these
data are consistent with the premise that CD40LT DNA mediates a protective immune response
in vivo by enhancing IFN-y production in an IL-12-dependent manner.

Discussion

These studies examined the ability of CD40LT DNA to influence the type and magnitude of
immune responses in vivo. In particular, because CD40L/CD40 costimulation is a central
regulator of both humoral and cellular immune responses, this pathway is a potentially useful
vaccine adjuvant for a broad-based immune response. In this regard, a recent report showed
that CD40L DNA could enhance Ag-specific Ab and cellular immune responses in vivo (39).
Using a plasmid containing CD40LT DNA, we focused on the mechanism by which this DNA
could act as an adjuvant in enhancing immunity in vivo. It is possible that CD40LT DNA may
have more potent effects than CD40L DNA, based on several observations. First, a 35-kDa
protein was immunoprecipitated in both lysates and supernatants of COS cells transfected with
CDA40LT DNA (data not shown), suggesting that CD40LT DNA may act at the surface of a
transfected cell as well as at a distant site in vivo. In addition, CD40LT DNA contains a leucine
zipper motif fused to the N terminus of the extracellular domain of CD40L (17) that facilitates
the generation of trimeric CD40L, which may have a greater capacity to trigger biologic
responses than monomeric or dimeric protein (17,18). Experiments are currently underway to
evaluate whether CD40LT and CD40L DNA induce different biologic responses in vivo;
nevertheless, the results reported in this study show that 1) CD40LT DNA augments total Ab
production, including IgG1 and IgG2a subtypes; 2) CD40LT DNA enhances IL-12-dependent
IFN-y production; 3) CD40LT DNA enhances expression of B7 costimulatory molecules and
increases CTL activity in a B7-dependent manner; and 4) CD40LT DNA induces protective
immunity against tumor challenge or L. major infection, providing functional evidence that
enhancement of CTL activity and IFN-y production in vivo, respectively, was physiologically
relevant.

J Immunol. Author manuscript; available in PMC 2008 February 12.
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The role of CD40LT and IL-12 DNA in regulating specific Ab isotypes in vivo

Mice vaccinated with $-gal and CD40LT DNA had significant increases in total Ig production
compared with that of mice vaccinated with $-gal DNA only (data not shown). In evaluating
specific Ab isotypes, both CD40LT DNA and IL-12 DNA caused a 2-to 3-log increase in 1gG2a
that was abrogated by treatment of mice with anti-1L-12. These data are consistent with
previous studies showing that IL-12-dependent production of IFN-y is a major regulator of
IgG2a production (40-45). In contrast to the relatively straightforward role of 1L-12 and IFN-
yinregulating 1gG2a iso-type production, the ability of cytokines to regulate IgG1 is less clear.
Initial reports showed that IL-4, but not IFN-y, was a potent inducer of IgG1 (45,46). In several
of the studies alluded to above, mice injected with IL-12 protein and various Ags had
suppressed 1gG1 production, consistent with the cross-regulatory role of IFN-y and IL-4 in
regulating 1gG1 Ab production (40-44); however, in more recent studies, immunization with
IL-12 greatly enhanced IgG1 production (47,48). These data, together with the observation
that 1lgG1 Ab production can occur in the absence of IL-4 (49), suggest that IgG1 production
may be a less specific marker for IL-4 in vivo and that IL-12 can enhance its production
depending on the type of adjuvant used (48) and the time at which Ab is measured following
immunization (42). In the studies reported in this work, 1L-12 and CD40LT DNA substantially
increased 1gG1 compared with S-gal DNA alone. Of interest, anti-1L-12 treatment completely
abrogated the ability of IL-12 DNA to increase 1gG1 production, consistent with IL-12 having
arole in augmenting 1gG1 production. By contrast, anti-IL-12 treatment only partially
abrogated the CD40LT DNA-induced increase in 1gG1. This latter observation could be due
to a direct effect of CD40L on B cells causing an increase in all isotypes or to the fact that anti-
IL-12 treatment of CD40LT DNA-vaccinated mice caused an increase in IL-4 production (data
not shown). Overall, these data underscore the potent effects that CD40L stimulation can have
in eliciting potent Ab responses.

CD40LT DNA enhances CTL activity in a B7/CD28-dependent manner

In this study, CD40LT DNA and IL-12 DNA increased Ag-specific CTL activity, consistent
with previous reports (50,51). The ability of CD40LT DNA to enhance CTL was inhibited by
treatment of mice with CTLA4Ig, suggesting that B7 costimulation was critical for CTL
induction. With regard to the effects of B7 stimulation on CTL induction, recent studies have
shown that there may be differences in the ability of B7-1 and B7-2 DNA to enhance CTL
responses (52-54). In this study, because there were increases in both B7-1 and B7-2 and the
timing of peak expression varied with time, it is hard to distinguish which is more important
in mediating CTL responses.

Functional role of CD40L DNA in vivo as a vaccine adjuvant

To assess whether the immune enhancement achieved by CD40LT DNA was able to mediate
protective immunity in vivo, we chose two experimental models in which the mechanism of
protection is well defined. Previous work has shown that, following challenge with a s-gal-
expressing adenocarcinoma, CD8-dependent CTL activity is required to prevent metastatic
lung disease (K.R.I., unpublished observation). In these studies, mice vaccinated with $-gal
DNA plus CD40LT DNA were protected from metastatic disease. CTL activity of mice
vaccinated with CD40LT DNA was inhibited by treatment with CTLAA4Ig in vivo or with anti-
CD8 in vitro, suggesting that the mechanism of tumor eradication is via a CD8-dependent
pathway. Finally, mice vaccinated with CD40LT DNA and treated with anti-1L-12 in vivo did
not have diminished CTL responses (data not shown), providing additional evidence that the
CD40LT DNA enhancement of CTL activity was via the increase in B7 expression and not
through an IL-12-dependent mechanism. In regard to this latter point, recent work using IL-12
DNA as an adjuvant showed that an in vitro CTL response directed against an HIV envelope
was inhibited by anti-IL-12 or anti-IFN-y treatment in vivo (51). This may reflect a need for
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IL-12 DNA-dependent production of IFN-y, which would induce optimal expression of
costimulatory molecules (i.e., B7) required for CTL activity.

To evaluate whether CD40LT DNA-induced production of IL-12 could protect animals from
infection, we used the experimental model of L. major infection. Protective immunity achieved
through vaccination for this infection requires IL-12-dependent production of IFN-y (36).
Vaccination of mice with SLA plus CD40LT DNA induced protection similar to that achieved
by SLA plus IL-12 DNA or IL-12 protein; it is therefore likely that CD40LT DNA mediates
its effect through the induction of Ag-specific IFN-y (manuscript in preparation).

Overall, the ability of CD40LT DNA to enhance a broad array of immune responses makes it
a potent adjuvant for diseases requiring humoral and/or cellular immunity. Thus, for
intracellular infections in which cellular immune responses are desirable (L. major, M.
tuberculosis), CD40LT or IL-12 DNA could induce effective Th1l responses as well as CTL
responses. Another potential infection in which CD40LT DNA would be a useful adjuvant is
HIV. In this case, because it is not precisely known which immunologic correlates are required
for protective immunity, it is likely that induction of both Ab and cellular responses would be
desirable. One important caveat to using CD40LT DNA as an adjuvant is the potential for
unregulated CD40L/CD40 stimulation. This could result in an excessive proinflammatory
response, which may trigger or enhance an autoimmune process. In this regard, using a soluble
CDA40L agonist protein may provide a useful adjuvant without incurring any long-term effects.
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FIGURE 1.

In vitro production of IL-4 and IFN-y from spleen cells of mice vaccinated with s-gal DNA
plus IL-12 DNA or CD40LT DNA. Mice (4-6 per group) were vaccinated s.c. with f-gal DNA
(100 wg) in the presence or absence of 100 ug of control DNA, 1L-12 DNA, or CD40LT DNA.
Two to three weeks later, mice were boosted with the same regimen. Spleen cells were
harvested 2 wk after the boost. Single-cell suspensions were plated in triplicate in 96-well
microtiter plates at 3 x 10° cells/200 xl in media alone, 5-gal protein (20 xg/ml), or human
serum albumin protein (10 xg/ml). Forty-eight hours later, supernatants were harvested, and
IFN-y (A) and IL-4 (B) content were assayed by ELISA. Production of IFN-y in media alone
was <30 pg/ml. Production of IL-4 in media alone was usually 10 pg/ml or less. Data as shown
represent the amount of IL-4 and IFN-y averaged from four pooled mice. Results are
representative of five independent experiments. SEM was <10% in the experiment shown. *,
p < 0.005 in comparing IFN-y produced from mice vaccinated with s-gal DNA alone.
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S-gal-specific production of IgG1 and 1gG2a in vaccinated mice infected with 5-gal DNA plus
IL-12 DNA or CD40LT DNA. Mice were vaccinated in a similar manner to that described in
Figure 1. In some groups, mice were treated with anti-IL-12 (1 mg) at the time of each
vaccination. Pooled sera (n = 4-6 mice per group) were collected 2 to 3 wk after the second
immunization and tested for S-gal-specific Ab 1gG2a (A) or IgG1 (B). Data shown are an
average of duplicate absorbance (OD) values using serial fivefold dilutions with SEM. Results
are representative of five independent experiments. *, p < 0.05 in comparing 1gG1/IgG2a
produced from mice vaccinated with $-gal plus CD40LT DNA with that from mice vaccinated

with S-gal DNA alone.
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FIGURE 3.

IL-12 DNA and CD40LT DNA enhance S-gal-specific CTL responses. Mice were vaccinated
in a similar manner to that described in Figure 1. Two weeks after the second immunization,
total splenocytes were cultured for 5 days at a density of 3 x 108 cells/ml with 1 ug/ml of H-2
L9-restricted synthetic peptide. Target cells (a 8-gal-expressing tumor cell line (CT26.CL25)
or peptide-pulsed CT26 wild-type cells) were mixed with effector cells for 6 h at 37°C at E: T
ratios, as indicated. A 6-h 51Cr release assay was performed:; results are presented as specific
lysis. Data shown represent values averaged from four pooled mice with SEM for each E:T
ratio. Results are representative of three independent experiments. In all experiments, lysis was
<10% using wild-type unpulsed (CT26.WT) targets. Statistical analysis was performed for E:T
ratio of 100:1, 50:1, and 25:1. *, p < 0.05 in comparing CTL from mice vaccinated with $-gal
plus CD40LT DNA with that from mice vaccinated with s-gal DNA alone.
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FIGURE 4.

IFN-y enhancement by CD40LT DNA is dependent on IL-12 and B7 costimulation. Mice were
vaccinated in a manner similar to that described in Figure 1. In some groups, mice were treated
withanti-1L-12 (1 mg), CTLA4Ig (100 «g), or L61g (100 xg) i.p. at the time of each vaccination.
IFN-y was assessed from spleen cells 2 wk after the second vaccination, as described in Figure
1. Data shown represent values averaged from four pooled mice. SEM was <10% in the
experiment shown. *, p < 0.005 in comparing IFN-y produced from mice vaccinated with g-
gal DNA with or without CD40LT DNA and treated with anti-1L-12 or CTLA4Ig.
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FIGURE 5.

CD40LT DNA enhances expression of B7 costimulatory molecules. In the same experiment
outlined in Figure 4, spleen cells (2-3 mice) were harvested 2 or 7 days after the second
vaccination and stained with FITC-conjugated Abs to B7.1 or B7.2 and phycoerythrin-
conjugated (1-A%) anti-class Il and analyzed. Similar results were seen in two additional
experiments.
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FIGURE 6.

CD40LT DNA enhancement of CTL activity is dependent both on B7 costimulation and on
CD8. Mice were vaccinated in a manner similar to that described in Figure 4. CTL activity
from splenocytes was assessed as described in Figure 3. In addition, anti-CD8 or anti-CD4 Ab
was added at the time of the ®1 Cr release assay. Data shown represent values averaged from
four pooled mice with SEM for each E:T ratio. Statistical analysis was performed for E:T ratios
of 100:1, 50:1, and 25:1. *, p < 0.05 in comparing CTL from mice vaccinated with s-gal DNA
plus CD40LT DNA plus L6lg with that from mice vaccinated with 5-gal DNA alone. **, p <
0.05 in comparing CTL from mice vaccinated with s-gal DNA plus CD40LT DNA plus L6lg
plus anti-CD8 with that from mice vaccinated with $-gal DNA plus CD40LT DNA plus L6lg.
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FIGURE 7.

Cytokine or CD40LT DNA induces protective immunity to mice infected with L. major.
BALB/c mice (n = 7 per group) were initially immunized and boosted 2 wk later with SLA
(leishmanial protein) plus control DNA, IL-12 DNA, CD40LT DNA, or rlIL-12 (2 ug). Two
weeks after the boost, mice were challenged in the hind footpad with 1 x 10° live L. major
metacyclic promastigotes. Weekly footpad measurements represent the average footpad scores
+ SEM. Results are representative of two independent experiments.
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Table |
Prevention of the growth of CT26.CL25 (B-gal*) tumors by DNA immunization?

Treatment (DNA) Route Mean Number of Pulmonary Metastases
Vector (PcDNA-3) SC 209 (6,250,250,250,250,250)

CD40LT SC 249 (245,250,250,250,250)

p-Gallvector SC 68 (0,4,42,42,250)

pB-Gal/CD40LT SC 2(0,0,1,5,6)

aMice were immunized two times at 3-wk intervals with purified plasmid DNA as described in Figure 1. Three weeks following the boost, mice were

challenged i.v. with 1.75 x 108 €T26.CL25 tumor cells. Twelve days later, lungs were harvested and pulmonary metastases enumerated in a blind manner.
p < 0.05 in comparing protection of vaccinated mice with s-gal/CD40LT with vector or with CD40LT alone.
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