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CD40 Ligand/Trimer DNA Enhances Both Humoral and
Cellular Immune Responses and Induces Protective Immunity
to Infectious and Tumor Challenge

Sanjay Gurunathan,* Kari R. Irvine, T Chang-You Wu,* Jeffrey I. Cohen,* Elaine Thomas®
Calman Prussin] Nicholas P. Restifo' and Robert A. Seder*

CD40/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 expressingB-galactosidase DNA with or without CD40LT DNA or IL-12 DNA, and immune responses
were assessed. Mice vaccinated witB-gal DNA plus CD40LT DNA or IL-12 DNA had a striking increase in Ag-specific pro-
duction of IFN- 1, 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 (CTLA4Ig). Production of IFN-y and CTL
activity was abrogated by these treatments, suggesting that CD40LT DNA was mediating its effects on IFNand 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 a mouse model requiring IL-12-dependent production of IFN+y, mice vaccinated with solubleLeishmaniaAg 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 Journal of Immunology,1998, 161: 4563—4571.
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disease depends on several factors. The first and perhapsimoral and cellular responses in vivo (4). More important, pro=:

most important factor is identification of a conserved Ag tective immunity for several infectious disease and tumor model
capable of inducing protection in an outbred population. Becaus@as been demonstrated using this technology (4). Among the p&
various diseases have different requirements for protective immutential advantages of using plasmid DNA for a particular Ag rather%
nity, it is also important to design vaccines that can induce arthan a purified protein plus adjuvant is that DNA can induce boths
appropriate qualitative and quantitative immune response. One fMHC class | (5-7) and class Il (8) responses. In addition, plasmid8
nal consideration is that some diseases may require different typd3NA itself contains specific immunostimulatory sequences @sS) Y
of immune responses for effective primary and memory immunity.containing unmethylated CpG motifs that provide potent adjuvan
In experimental murine models for most viral infections, primary effects in murine in vivo models (9-14). Moreover, while in vitro &
immunity appears to be mediated predominantly through humoratiata using PBMCs suggest that ISS are able to elicit inflammatory;,
immunity (1), while for other intracellular infections, such as cytokines (14), it is not clear whether these ISS are as effective i
Leishmania majo(2) or Mycobacterium tuberculos{8), cell-me-  inducing immune responses from human cells in vivo. Thus, begQ
diated immunity appears to be the likely mechanism. It should because DNA vaccination still provides such an effective way to
noted, however, that in some instances (e.g., HIV), both humorabresent Ag, several studies have utilized plasmid DNA encoding
and cellular responses may be required for primary immunity andor cytokine or costimulatory molecules as an additional way to
the maintenance of an effective memory response. Thus, vaccinrenhance the type and magnitude of the immune response.
strategies designed to induce a broad immune response may pro-The study reported in this work focuses on the ability of a novel
vide Ab-based protection following primary exposure and memo-trimeric CD40 ligand DNA (CD40LT) to enhance Ag-specific Ab,
ry/effector cellular responses capable of controlling disease on rezytokine, and CTL responses following in vivo immunization. Pre-
activation or reinfection. vious work has shown the CD40L/CD40 costimulatory pathway to
be a central regulator of both humoral and cellular immune re-
sponses (15, 16). CD40L is a type Il membrane glycoprotein with
homology to TNF and lymphotoxia; which are ligands known to
fCIinicaIImmgnology Section anﬂmedﬁcalyirology Segtion of L{iboratory of Clin- exist as homotrimers (17’ 18). The interaction of CD40L and
ical InvestigationLaboratory of Allergic Diseases, National Institute of Allergy and . . . . .
Infectious Diseases, ari@urgery Branch, National Cancer Institute, National Insti- CD40 is both responsible for activation of B cells allowing for
tutes of Health, Bethesda, MD 20892; ditlimunex Corporation, Seattle, WA 98101  isotype switching (19) and important in T cell activation (20) and
Received for publication March 4, 1998. Accepted for publication June 25, 1998. production of type 1 cytokines (IL-12, IFN} in response to pro-
The costs of publication of this article were defrayed in part by the payment of pagd€in Ags (21-25). Moreover, CD40L has been shown to play an

charges. This article must therefore be hereby maddkrtisemenin accordance important rolein CTL memory responses foIIowing viral infection
with 18 U.S.C. Section 1734 solely to indicate this fact.

T he goal in developing effective vaccines for a particular DNA immunization has recently been shown to induce poten

1 Address correspondence and reprint requests to Dr. Robert A. Seder, Clinical Im-
munology Section, Laboratory of Clinical Investigation, National Institute of Allergy 2 Abbreviations used in this paper: ISS, immunostimulatory sequetgal, 8-ga-
and Infectious Diseases, Building 10, Room 11C215, National Institutes of HealthJactosidase; CD40L, CD40 ligand; CD40LT, CD40 ligand/trimer; SLA, soluble
Bethesda, MD 20892. E-mail address: rseder@nih.gov LeishmaniaAg.
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(26). The mechanism by which CD40L/CD40 regulates cellularMeasurement of cytokine production

résponses 1s prlmarlly through induction of IL-12 and other in- Measurements of IFN-(32) and IL-4 were assessed by specific ELISA.
flammatory mediators from APCs (22-25) and/or through en-The lower limits of detection of IFNy and IL-4 were 30 and 1.5 pg/ml,
hancement of the expression of various cell surface moleculesspectively.

(e.g., B7-1, B7-2) (27-31). Previous work has revealed that mo- »

nomeric, dimeric, and trimeric CD40L constructs all bind to CD40 Measurement oB-gal-specific Ab responses

(18); however, there appears to be a greater capacity for trimerig-gal-specific Ab responses were measured using a sandwich ELISA.
CD40L to trigger biologic responses (18). Thus, in this study, theBALB/c mice were immunized as described above. Pooled serum samples
mechanism by which a trimeric CD40L DNA (CD40LT) induces (n = 5-10 mice per group) were obtained 2 wk after the last immunization

h t of both h | and cellular i and were analyzed for the presenceBedal-specific Abs. Briefly, 96-well
enhancement ot bo umoral and cellular iImmune responses i otiter Immulon-4 plates (Dynatech, Chantilly, VA) were coated with

vivo was investigated. The data show that the ability of CD40LT g-gal protein (10ug/ml) overnight at 4°C. Plates were blocked with 2%
DNA to enhance cytolytic T cell activity and cytokine responses isBSA/PBS at 37°C fol h toprevent nonspecific binding. Serum was added

influenced by enhancement of B7 costimulation and production ofit serial fivefold dilutions (starting at 1/5) and incubated overnight at room

R . . - temperature. Horseradish peroxidase-conjugated goat anti-mouse IgG1 or
IL-12, respectively. These mechanisms were shown to be bIOIOgIgG2a (Southern Biotechnology Associates, Birmingham, AL) was added

ically important using a murine tumor and infectious diseasefor 1 h at37°C to detect the Ab complex immobilized to the wells. The

model. resulting complex was detected by peroxidase substrate (Kirkegaard &

Perry Laboratories, Gaithersburg, MD). Absorbance was read on an ELISA
Materials and Methods plate reader (Dynatech) using a 410-nm filter referenced to 570 nm.
Mice

Cytolytic T cell®'Cr release assay
Female BALB/c mice were purchased from Division of Cancer Treatment, _ . o . o
National Cancer Institute (Frederick, MD), and kept in National Institute of PTimary lymphocyte effector cells were generated in vivo by immunization
Allergy and Infectious Diseases Animal Care Facility under pathogen-freeVith -gal DNA with or without cytokine DNA. Secondary in vitro effector
conditions. Mice used were between 6 and 8 wk of age. populatl(_)ns were generated by harve_stmg spleens 10 to 14 days after t

second immunization and culturing single-cell suspension of splenocyte
Media and reagents for 5 days in T-75 flasks (Nunc, Roskilde, Denmark) at a density>of1®°
o . . cells/ml with 1 ug/ml of H-2 L%restricted synthetic peptide (33). &gal-
HBSS (Biofluids, Rockville, MD) was used as wash medium. RPMI 1640 g, essing tumor cell line (CT26.CL25) or peptide-pulsed CT26 wild-type
(Biofluids) supplemented with 10% FCS (Biofluids), penicillin (100 U/ml), cojis were used as targets. Target cells were mixed with effector cells fof
L-glutamine (2 mM), sodium pyruvate (1 mM), and 2-ME (0.005 mM) was g p, ¢ 37°C at the E:T ratios indicated. A 6%iCr release assay was

used to culture splenocytes and lymph node cells. performed as previously described (33). Unpulsed CT26 wild-type targe
Plasmid construction and purification cells (CT26.WT) were used as negative controls for each experiment. In a
experiments, lysis wast10% using unpulsed target wild-type cells.
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A plasmid encoding th&scherichia coliLacZ gene under the control of a
CMV intermediate-early promoter, designafegal DNA, was kindly pro-  Flow-cytometry analysis
vided by J. Haynes (PowderJect, Madison, WI). cDNA encoding murine o .
CDA40L fused to an IL-7 leader and a leucine zipper sequence (CD40LT) ifMice from each of the vaccination groups were euthanized 2 or 7 days afte?-
plasmid vector (Bluescriptl1SK) was kindly provided by M. Spriggs & DNA boost, and single-cell suspensions of spleens from two mice werg
(Immunex, Seattle, WA). The CD40LT fusion protein insert was excisedPooled. Splenocytes ($were stained with FITC-conjugated Abs to B7.1
usingNot/Kpnl and ligated into expression vector PcDNA-3, downstream OF B7.2 and phycoerythrin-conjugated (FAanti-class II (PharMingen,
of the CMV promoter (Invitrogen, San Diego, CA) and designated CD40San Diego, CA) and analyzed on a FACScan flow cytometer (Becton Dick
ligand/trimer DNA (CD40LT DNA). Immunoprecipitation of murine inson, San Jose, CA). Cells displaying typical lymphocyte and macrophag
CD40LT from COS cells (transfected with the PcDNA-3 CD40LT DNA) Scatter were gated, and two-color dot plots were generated using CellQu
using a mAb to the leucine zipper showed a 35-kDa band in lysates angoftware.

supernatants of the transfected cells. A eukaryotic expression vector car- . . .

rying IL-12 DNA was kindly provided by J. Haynes (PowderJect). IL-12 Infectious challenge with. major

DNA was able to produce biologically active protein from supernatants of

COS cells transfected with IL-12 DNA (data not shown). Plasmid DNA plasmid DNA (IL-12, CD40LT, control PcDNA-3) in 501 of sterile PBS.

was purified by two cycles of cesium chloride gradient uItracentrifugation..I.Wo davs after the above iniection. ol id DNA bined with 25
The 260/280 ratios ranged from 1.8 to 2. The endotoxin content from ys a Je  prasmid DINA was combined wi
purified plasmid DNA was found to be’s endotoxin units/ml. g of protein Ag (SLA) and injected into the hind footpad as above. As a

control, mice were injected as above with 2§ of SLA with or without
Immunization 2 ug of rlL-12 (Genetics Institute, Cambridge, MA). Mice were boosted 3
wk later with their initial regimen. Two weeks after the last vaccination,
Female BALB/c mice were injected s.c. in their hind footpads with 890 mice were challenged by injection in the hind footpad opposite that in
of B-gal plasmid DNA in 50ul of sterile PBS. Additionally, in some  which they received vaccination with ¥ 10° metacyclic promastigotes

groups,B-gal DNA was combined with 100.g of plasmid DNA encoding  (34). Weekly footpad swelling measurements were recorded using a
for IL-12 or CD40LT DNA and injected as above. Mice were boosted 2 to caliper.

3 wk later with their initial regimen.

Treatment of mice with neutralizing Abs Tumor challenge studies
CT26.WT is a clone of thé&-nitrosoN-methylurethane-induced BALB/c

unwiw 1

g uo
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Female BALB/c mice were injected in their hind footpads with 1aPof

Purified neutralizing mAb (1 mg/mouse i.p.) against murine IL-12 (hybrid- . - > ) : .
oma cl7.8) was ob?ained f(romgG. Trinchiepri) (Vgistar Institute, Phila(dglphia,(H'zd) undifferentiated colon carcinoma (33). Following transduction with
PA) and injected into mice at the time of initial vaccination and boost. & 'etrovirus encoding the LacZ gene, CT26.WT was subcloned to generate
CTLA4Ig (100 wg/mouse i.p.) and control L6lg Ab (10@g/mouse i.p.) the B-gal-expressing cell line CT26.CL25. CT26.CL25 was grown in com-

were obtained from P. Linsley (Bristol-Meyers Squibb, Seattle, WA) andP!€te media and 40@.g/ml of G418 (Life Technologies, Grand Island,
injected into mice at the timeyo(f vaccinatign andqboost. ) NY). Mice were immunized with3-gal DNA with or without CD40LT

DNA, as described above, and challenged i.v. with 2X750° CT26.CL25
Cytokine production assay tumor cells. Twelve days later, lungs were harvested and pulmonary me-

) . N ) tastases were enumerated in a blind manner.
Mice were euthanized, and spleens from individual mice were harvested 2

wk after the last vaccination. Single-cell preparations from spleens werestatistics

plated in triplicate in a 96-well microtiter plate at>3 10° cells/200 ul.

Recombinanp-gal protein (20ug/ml) (Sigma, St. Louis, MO) or human  Statistical evaluation of differences between means of experimental groups
serum albumin (1Qug/ml) was added to cultures, and supernatants werewas done by analyses of variance and multiple Studémg'sts. A value of
collected 48 h later and stored aR0°C. p < 0.05 was considered to be significant.
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mice vaccinated with3-gal DNA and IL-12 DNA or CD40LT

2500 7 A El media
B-gal 20 pg/ml DNA had a minimal increase in Ag-specific IL-4 production over
2000 - W HSA 10 pg/ml mice vaccinated witf8-gal DNA alone (Fig. B). These data sug-
\ gest that IL-12 and CD40LT DNA specifically enhance Thl cy-
2 | % tokine production.
g 1500 = . _ _
= % CD40LT DNA and cytokine DNA influence the production of Ig
E Lo § subtypes in vivo
§ As cytokines such as IL-4 and IFMinfluence Ab class switching,
son § B-gal-specific production of Ab subtypes was assessed to provide
j\\§ an indirect but physiologic correlate of the pattern of cytokine
\Q\\ production in vivo. As shown in FigureA2 mice vaccinated with
L — ) B-gal DNA plus CD40LT DNA or IL-12 DNA had a substantially
L N A TIIDuA s imirona JTOIONA higher (2—3 log) increase in the level of IgG2a compared with mice
vaccinated with3-gal DNA alone. Furthermore, treatment of mice
1B injected with-gal plus CD40LT DNA or IL-12 DNA with anti-
IL-12 mAb abrogated much of the increase in 1gG2a, providing
. f g::liazoug/nu evidence that induction of IgG2a in vivo by these DNAs is due to
z W HSA 10 jig/ml induction of IL-12.
E] With regard to IgG1 Ab production, mice vaccinated wiigal
;-’ 100 DNA plus IL-12 or CD40LT DNA all had substantially greater
titers (2—3 log) of IgG1 compared with those vaccinated \@ital 9
alone (Fig. B). Of interest, anti-IL-12 treatment reduced much of g
507 the increase in 1IgG1 induced by IL-12 DNA and, to a lesser extentg
CD40LT DNA. %
P SEalDNA T pgaDNAS P a— CD40LT DNA and IL-12 DNA increase Ag-specific cytotoxic T é"
Control DNA IL12DNA CD4OLT DNA cell responses 3
FIGURE 1. 'r(‘j"“_';; pfc’ld;;“:r‘l‘)f :ti Zagf,’\l f“”éngOi‘;'%e,\’l‘ /fe,\'/'l_s of 7o study the effects that CD40LT DNA and IL-12 DNA had on g
mice vaccinated wit -gal plus IL- or . Mice I . . . .
(5 por oup wer oo . i DY (00, 09 Pl CIL esbonies, s v mues e
presence or absence of 10g of control DNA, IL-12 DNA, or CD40LT 3

DNA. Two to three weeks later, mice were boosted with the same regimen2 to 3 wk later with the same regimen. Two V_Veel_(s after the boosts
Spleen cells were harvested 2 wk after the boost. Single-cell suspensioffisTL responses were assessed. As shown in Figure 3, cells frO%
were plated in triplicate in 96-well microtiter plates at310° cells/200ul mice injected withg-gal DNA plus CD40LT or IL-12 DNA had g
in media aloneg-gal protein (20ug/ml), or human serum albumin protein enhanced CTL responses compared with those from mice injected
(10 wg/ml). Forty-eight hours later, supernatants were harvested, angvith B-gal DNA alone. Taken together with the previous figures,Y
IFN-y (A) and IL-4 @) content were assayed by ELISA. Production of these data show that CD40LT DNA enhances both humoral an

IFN-y in media alone was<30 pg/ml. Production of IL-4 in media alone  cg[jular immune responses. The mechanism by which CD40LT&
was usually 10 pg/ml or less. Data as shown represent the amount of IL-hNA mediates these responses is discussed below
and IFN+y averaged from four pooled mice. Results are representative of

five independent experiments. SEM w&40% in the experiment shown.  CD40LT DNA enhances production of IFNin an IL-12- and
#, p < 0.005 in comparing IFNy produced from mice vaccinated with B7-dependent manner

B-gal DNA alone.
The ability of CD40L/CD40 stimulation to regulate type 1 (IFN-

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
CD40L/CDA40 interactions have been shown to be important regand production of IFNy (21, 35). To evaluate both of these mech-
ulators in the induction of type 1 cytokine (IL-12, IF-re- anisms, mice were injected witgrgal DNA plus CD40LT DNA
sponses (21-25, 35). Thus, it was of interest to evaluate whethemd treated with either anti-IL-12 or CTLA4Ig at the time of each
CD40LT DNA, when administered together with DNA for a spe- vaccination. Similar to the results seen above, mice injected with
cific Ag, could affect the qualitative and/or quantitative immune B-gal plus CD40LT DNA plus L6lg (control for CTLA4Ig) had an
response in vivo. In addition, the ability of CD40LT DNA to effect increase in IFNy compared with those injected wifB-gal alone
production of Thl cytokines was directly compared with IL-12 (Fig. 4). By contrast, mice injected wiiBrgal DNA plus CD40LT
DNA. DNA and treated with anti-IL-12 had-90% inhibition of IFN+y

In the initial experiment, mice were injected s.c. wigigal production. These results are consistent with the central role for
DNA with or without IL-12 DNA or CD40LT DNA and boosted CD40L/CD40 stimulation in regulating IL-12 production in re-
2 to 3 wk later with the same regimen. Production of IFNind ~ sponse to a protein Ag in vivo (20).
IL-4 was assessed 2 wk after the last vaccination by stimulating The role of B7/CD28 costimulation in regulating IFNproduc-
total splenocytes in vitro witig-gal or a control protein. As shown tion following vaccination withg-gal with or without CD40LT
in Figure 1A, mice injected with3-gal DNA plus IL-12 DNA or ~ DNA was evaluated by treating mice with CTLA4Ig or a control
CD40LT DNA had increased production of Ag-specific IRN- Ab (L6lg) at the time of vaccination. All mice treated with
compared with mice injected witB-gal DNA alone. In contrast, CTLA4lg had complete inhibition of IFNy production. In the

LUSoo
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Results
CD40LT DNA and IL-12 DNA can influence the production of
Ag-specific IFNy
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Serum Dilution

0.8
A
-
8 ~——O— p-gal + Control DNA
A
Q: * P-gal + IL-12 DNA
e
¥ B-gal + CD4OLT DNA
E
-~
= B-gal + IL-12 DNA
2 + anti-IL-12
=
- ) -gal
FIGURE 2. pB-gal-specific production of IgG1 Eg,,:ﬁflf_ll);ou pNa
and IgG2a in vaccinated mice infected witkgal ) T DNA
DNA plus IL-12 DNA or CD40LT DNA. Mice Control + CD4OLT DN
were vaccinated in a similar manner to that de-
scribed in Figure 1. In some groups, mice were
treated with anti-IL-12 (1 mg) at the time of each
vaccination. Pooled seran (= 4-6 mice per
group) were collected 2 to 3 wk after the second Serum Dilution
immunization and tested fop-gal-specific Ab
1gG2a @) or IgG1 B). Data shown are an aver- 08
age of duplicate absorbance (OD) values using O ! B
serial fivefold dilutions with SEM. Results are 8
representative of five independent experimests. gg\ g
p < 0.05 in comparing 1gG1/IgG2a produced .~ g6+ “‘\;\ —— pgal + Control DNA Q
from mice vaccinated wittB-gal plus CD40LT a %
DNA with that from mice vaccinated witi3-gal o - Bgal +IL-12 DNA =
DNA alone. - o
o 3
b1 B-gal + CD4OLT DNA
: :
<
_E B-gal + IL-12 DNA -—.
=) + anti-IL-12 §
wn
= p-gal + CD4OLT DNA 3
< + g::mi-IL-IZ %
* Control + CD4OLT DNA g
<
o
=]
§
o
Q
o
N
o
e}
©

same experiment, CTLA4lg also inhibitgtgal-specific in vitro  cells expressing B7-1 was greater 7 days after the second vacc
proliferation (data not shown). These data underscore the impomation. Finally, the ability of CD40LT DNA to enhance expression

tance of B7/CD28 costimulation in regulating primary T cell re- of either B7-1 or B7-2 was completely abrogated by treatment of
sponses and show that the enhancement of yFb+ CD40LT  mice with CTLA4Ig, but not with control L6lg.

DNA is also dependent on B7 costimulation (see below).

CD40LT DNA enhances expression of costimulatory molecules CD40LT DNA-induced CTL responses are CD8 and B7
B7-1 and B7-2 dependent

To further evaluate the mechanism by which CD40LT DNA en- The previous figures support the notion that CD40LT DNA en-
hances immune responses in vivo, splenocytes from mice vacchances CTL responses through a B7-dependent mechanism. There-
nated withB-gal DNA with or without CD40LT DNA were ana- fore, CTL responses were assessed from mice vaccinated with
lyzed by FACS for the expression of B7-1 and B7-2. When B-gal DNA plus CD40LT DNA and treated with CTLA4lg or
examined 2 days after the second vaccination, cells from miceontrol L6lg. As shown in Figure 6, mice vaccinated wgkgal
vaccinated withg-gal DNA plus CD40LT DNA had a two- to  plus CD40LT DNA and treated with L6lg had strong CTL re-
threefold increase in the number of B7-1 and B7-2 MHC classsponses, while mice treated with CTLA4lg had markedly dimin-
Il-expressing cells compared with cells from mice vaccinated withished responses. Addition of anti-CD8 Ab at the time of the CTL
B-gal DNA plus control DNA (Fig. 3). There was also a threefold assay substantially diminished CTL activitg € 0.05), providing
increase in expression of B7-1 from splenocytes of mice vaccievidence that the CTL activity was CD8 dependent. In contrast,
nated withp-gal plus CD40LT DNA when assessed 7 days afterthe addition of anti-CD4 mAb to cultures did not significantly
the boost; however, there was a more modest increase in exprediminish CTL activity (p > 0.05). Moreover, using target cells
sion of B7-2 at this time (Fig.B). It should be noted that while the pulsed with an MHC class I-restricted peptidg-dal plus

fold increase in B7-1 was the same 2 and 7 days after the secor@D40LT plus L6lg plus peptide) provides additional evidence
vaccination from mice injected with CD40LT DNA, the number of that the CTL activity is class | restricted.


http://www.jimmunol.org

The Journal of Immunology 4567

=={3— p-gal + Control DNA 25007

media

-------- O~ B-gal + IL-12 DNA 2000 B p-gal 20 ug/mi

B HSA 10 ug/mi

-=--0-++  B-gal + CD4OLT DNA % 15001
----f3----  B-gal + CD40LT DNA + &
CT26.WT targets 1000
---B--- Control + CD40LT DNA so0d
80 Un
< <o g <o <o <
$2 &% 31 23 33 33
° ] w® S+
£ 0§ gf ¥ g%
] a at + a+ S
60 - Q o o o oo
) i * x *
;—_’ FIGURE 4. IFN-y enhancement by CD40LT DNA is dependent on
g 40 IL-12 and B7 costimulation. Mice were vaccinated in a manner similar to
o that described in Figure 1. In some groups, mice were treated with anti-
N IL-12 (1 mg), CTLA4Ig (100ug), or L6lg (100ug) i.p. at the time of each
vaccination. IFNy was assessed from spleen cells 2 wk after the second
20 vaccination, as described in Figure 1. Data shown represent values avg
aged from four pooled mice. SEM wasl0% in the experiment shown, 5
p < 0.005 in comparing IFNy produced from mice vaccinated wigigal g_
DNA with or without CD40LT DNA and treated with anti-IL-12 or 2
0 CTLA4Ig. =
125 o
3
Effector : Target ratio
rlL-12 protein can induce a protective immune response followin

FIGURE 3. IL-12 DNA and CD40LT DNA enhances-gal-specific  infection (37, 38). In the experiment shown in Figure 7, the ability5
CTL responses. Mice were vaccinated in a similar manner to that describegf either CD40LT DNA or IL-12 DNA to induce a protective

in Figure 1. Two weeks after the second immunization, total splenocyte%mmune response when given in conjunction with SLA was com
were cultured for 5 days at a density ab@1(P cells/ml with 1g/ml of pared with that of SLA plus rIL-12 protein. Mice vaccinated either Q

H-2 L%restricted synthetic peptide. Target cells3@al-expressing tumor i ; . o]
cell line (CT26.CL25) or peptide-pulsed CT26 wild-type cells) were mixed with SLA plus CD40LT DNA or with IL-12 DNA effectively con- S

with effector cells fo 6 h at37°C at E:T ratios, as indicated. A 6%fCr trolled infection withL. major, as assessed by footpad swelling. o
release assay was performed; results are presented as specific lysis. DafiS protection was comparable with that achieved by SLA ang
shown represent values averaged from four pooled mice with SEM for eachlL-12 protein. In addition, the control of disease progression an
E:T ratio. Results are representative of three independent experiments. heduction in parasite burden in mice vaccinated with CD40LT£|;
all experiments, lysis was<10% using wild-type unpulsed (CT26.WT) DNA or IL-12 DNA were associated with an increase in Ag-spe-9?
targets. Statistical analysis was performed for E:T ratio of 100:1, 50:1, angific production of IFNy (data not shown). Thus, these data ared
251, p < 0.05 in comparing CTL from mice vaccinated wishgal plus  consistent with the premise that CD40LT DNA mediates a pro-3
CD40LT DNA with that from mice vaccinated witB-gal DNA alone. tective immune response in vivo by enhancing IFroduction
in an IL-12-dependent manner.

unwiwa i

‘0

Functional evidence for a role of CD40LT DNA in regulating ~ Discussion

immune responses in vivo through CTL or IL-12 production These studies examined the ability of CD40LT DNA to influence
Because CD40LT DNA induces strong CTL responses followingthe type and magnitude of immune responses in vivo. In particular,
in vitro stimulation, it was of interest to see whether these re-because CD40L/CD40 costimulation is a central regulator of both
sponses were functional in vivo. To address this, mice were vachumoral and cellular immune responses, this pathway is a poten-
cinated in a similar manner as described above and then challengéidlly useful vaccine adjuvant for a broad-based immune response.
i.v. with a B-gal-expressing undifferentiated adenocarcinoma 2 toln this regard, a recent report showed that CD40L DNA could
3 wk after the boost. As shown in Table I, mice vaccinated withenhance Ag-specific Ab and cellular immune responses in vivo
B-gal plus CD40LT DNA had little to no detectable pulmonary (39). Using a plasmid containing CD40LT DNA, we focused on
metastases when assessed 10 days after challenge, while threetlodé mechanism by which this DNA could act as an adjuvant in
five mice injected withB-gal alone had detectable pulmonary enhancing immunity in vivo. It is possible that CD40LT DNA may
metastases. have more potent effects than CD40L DNA, based on several ob-
In Figure 4, it was demonstrated that CD40LT DNA induced anservations. First, a 35-kDa protein was immunoprecipitated in both
IL-12-dependent enhancement in production of ffNFo assess lysates and supernatants of COS cells transfected with CD40LT
the ability of CD40LT DNA to induce a protective immune re- DNA (data not shown), suggesting that CD40LT DNA may act at
sponse in a model in which IL-12-dependent production of §-N- the surface of a transfected cell as well as at a distant site in vivo.
is required (36), the murine model bf majorinfection was used. In addition, CD40LT DNA contains a leucine zipper motif fused to
Previous work has shown that susceptible BALB/c mice vacci-the N terminus of the extracellular domain of CD40L (17) that
nated with either a SLA or a clonedeishmaniaprotein with  facilitates the generation of trimeric CD40L, which may have a
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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-conjtjgated (I-A
anti-class Il and analyzed. Similar results were seen in two additional experiments.

greater capacity to trigger biologic responses than monomeric ofhe role of CD40LT and IL-12 DNA in regulating specific Ab
dimeric protein (17, 18). Experiments are currently underway toisotypes in vivo

evaluate whether CD40LT and CD40L DNA induce different bi- \ice vaccinated with3-gal and CD40LT DNA had significant
ologic responses in vivo; nevertheless, the results reported in thig,creases in total Ig production compared with that of mice vac-
study show that 1) CD40LT DNA augments total Ab production, cinated withg-gal DNA only (data not shown). In evaluating spe-
including 1gG1 and 1gG2a subtypes; 2) CD40OLT DNA enhancescific Ab isotypes, both CD40LT DNA and IL-12 DNA caused a 2-
IL-12-dependent IFNy production; 3) CD40LT DNA enhances tg 3-|og increase in IgG2a that was abrogated by treatment of mice
expression of B7 costimulatory molecules and increases CTL agyith anti-IL-12. These data are consistent with previous studies
tivity in a B7-dependent manner; and 4) CD40LT DNA induces showing that IL-12-dependent production of IFNs a major reg-
protective immunity against tumor challengelomajorinfection,  ulator of IgG2a production (40—45). In contrast to the relatively
providing functional evidence that enhancement of CTL activity straightforward role of IL-12 and IFN~in regulating 1gG2a iso-
and IFN-<y production in vivo, respectively, was physiologically type production, the ability of cytokines to regulate IgG1 is less
relevant. clear. Initial reports showed that IL-4, but not IFNwas a potent
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'g 304 FIGURE 7. Cytokine or CD40LT DNA induces protective immunity to 8
= l‘ mice infected with.. major. BALB/c mice (n = 7 per group) were initially E_B;
o immunized and boosted 2 wk later with SLA (leishmanial protein) plus &
S 20 control DNA, IL-12 DNA, CD40LT DNA, or rlL-12 (2ug). Two weeks 3
after the boost, mice were challenged in the hind footpad with110® live E
104 L. major metacyclic promastigotes. Weekly footpad measurements reprex
sent the average footpad scoresSEM. Results are representative of two 3’
independent experiments. g
0 % T =]
125 100 75 50 25 0 e
. . . . o
Effector : Target ratio IFN-y and IL-4 in regulating 1gG1 Ab production (40—44); how- g

ever, in more recent studies, immunization with IL-12 greatly en-S
FIGURE 6. CDA40LT DNA enhancement of CTL activity is dependent hanced IgG1 production (47, 48). These data, together with th&
both on B7 costimulation and on CD8. Mice were vaccinated in a manneppseryation that IlgG1 Ab production can occur in the absence
similar to that described in Figure 4. CTL activity from splenocytes was || 4 (49), suggest that IgG1 production may be a less specifi
assessed as described in Figure 3. In addition, anti-CD8 or anti-CD4 A ' A i ) . .

l?‘narker for IL-4 in vivo and that IL-12 can enhance its production o

was added at the time of thECr release assay. Data shown represent . . . .
values averaged from four pooled mice with SEM for each E:T ratio. Sta_dependlng on the type of adjuvant used (48) and the time at whicf,

tistical analysis was performed for E:T ratios of 100:1, 50:1, and 25:1. AP iS measured following immunization (42). In the studies re-8
p < 0.05 in comparing CTL from mice vaccinated wighgal DNA plus ported in this work, IL-12 and CD40LT DNA substantially in-

CDA40LT DNA plus L6lg with that from mice vaccinated wirgal DNA ~ creased IgG1 compared wiflrgal DNA alone. Of interest, anti-

alone.:##, p < 0.05 in comparing CTL from mice vaccinated wighgal IL-12 treatment completely abrogated the ability of IL-12 DNA to
DNA plus CD40LT DNA plus L6lg plus anti-CD8 with that from mice increase IgG1 production, consistent with IL-12 having a role in
vaccinated with3-gal DNA plus CD40LT DNA plus L6lg. augmenting IgG1 production. By contrast, anti-IL-12 treatment

only partially abrogated the CD40LT DNA-induced increase in
IgG1. This latter observation could be due to a direct effect of
D40L on B cells causing an increase in all isotypes or to the fact
hat 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

Table I. Prevention of the growth of CT26.CL2B-gal") tumors by can have in eliciting potent Ab responses.
DNA immunizatiof

inducer of IgG1 (45, 46). In several of the studies alluded to above
mice injected with IL-12 protein and various Ags had suppresse
IgG1 production, consistent with the cross-regulatory role of

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

Treatment (DNA) Route  Mean Number of Pulmonary Metastases ~ manner
Vector (PcDNA-3)  SC 209 (6,250,250,250,250,250) Ir_1 _this study,_ C_:D40LT _DNA ar_1d |L-12_ DNA increased Ag-spe-
CD40LT sc 249 (245,250,250,250,250) cific CTL activity, consistent with previous reports (50, 51). The
B-Gallvector SC 68 (0,4,42,42,250) ability of CD40LT DNA to enhance CTL was inhibited by treat-
B-Gal/CD40LT SC 2(0,0,1,5,6) ment of mice with CTLA4lg, suggesting that B7 costimulation was

2 Mice were immunized two times at 3-wk intervals with purified plasmid DNA  Critical for CTL induction. With regard to the effects of B7 stim-
as described in Figure 1. Three weeks following the boost, mice were challenged i.vylation on CTL induction, recent studies have shown that there
with 1.75% 10° CT26.CL25 tumor cells. Twelve days later, lungs were harvested and . . o
pulmonary metastases enumerated in a blind mapner0.05 in comparing protec- may be differences in the ablllty of B_7'l and B7-2 DNA to en-
tion of vaccinated mice witi8-gal/CD40LT with vector or with CD40LT alone. hance CTL responses (52-54). In this study, because there were
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increases in both B7-1 and B7-2 and the timing of peak expressioré.

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

5.

CD40 LIGAND/TRIMER DNA ENHANCES HUMORAL AND CELLULAR IMMUNITY

Donnelly, J. J., J. B. Ulmer, J. W. Shiver, and M. A. Liu. 1997. DNA vaccines.
Annu. Rev. Immunol. 15:617.

Allsopp, C. E., M. Plebanski, S. Gilbert, R. E. Sinden, S. Harris, G. Frankel,
G. Dougan, C. Hioe, D. Nixon, E. Paoletti, G. Layton, and A. V. Hill. 1996.
Comparison of numerous delivery systems for the induction of cytotoxic T lym-
phocytes by immunizatiorEur. J. Immunol. 26:1951.

6. Corr, M., D. J. Lee, D. A. Carson, and H. Tighe. 1996. Gene vaccination with

To assess whether the immune enhancement achieved by CD40LT

DNA was able to mediate protective immunity in vivo, we chose 7.

two experimental models in which the mechanism of protection is

well defined. Previous work has shown that, following challenge s,

with a B-gal-expressing adenocarcinoma, CD8-dependent CTL ac-
tivity is required to prevent metastatic lung disease (K.R.l., un-
published observation).
B-gal DNA plus CD40LT DNA were protected from metastatic
disease. CTL activity of mice vaccinated with CD40LT DNA was
inhibited by treatment with CTLA4Ig 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-IL-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 1,
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 directeds,

against an HIV envelope was inhibited by anti-IL-12 or anti-IfyN-
treatment in vivo (51). This may reflect a need for IL-12 DNA-
dependent production of IFK; which would induce optimal ex-
pression of costimulatory molecules (i.e., B7) required for CTL
activity.

IL-12 could protect animals from infection, we used the experi-
mental model of.. majorinfection. Protective immunity achieved
through vaccination for this infection requires IL-12-dependent
production of IFNy (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+ (manuscript in preparation).

Overall, the ability of CD40LT DNA to enhance a broad array 20.

of immune responses makes it a potent adjuvant for diseases re-
quiring humoral and/or cellular immunity. Thus, for intracellular
infections in which cellular immune responses are desirable (
major, M. tuberculosiy CD4OLT or IL-12 DNA could induce
effective Thl responses as well as CTL responses. Another poten-
tial infection in which CD40LT DNA would be a useful adjuvant

is HIV. In this case, because it is not precisely known which im-23.

munologic 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 ad2*

juvant 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 CD40L agonist protein may provide a useful ad-
juvant without incurring any long-term effects.
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