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Summary
Human immunodeficiency virus-1 (HIV-1) canarypox vaccines are safe but poorly immunogenic.
CD40 ligand (CD40L), a member of the tumor necrosis factor superfamily (TNFSF), is a pivotal
co-stimulatory molecule for immune responses. To explore whether CD40L can be used as an
adjuvant for HIV-1 canarypox vaccine, we constructed recombinant canarypox viruses expressing
CD40L. Co-immunization of mice with CD40L expressing canarypox and the canarypox vaccine
expressing HIV-1 proteins, vCP1452, augmented HIV-1 specific cytotoxic T lymphocyte (CTL)
responses in terms of frequency, polyfunctionality and interleukin (IL)-7 receptor α chain (IL-7Rα,
CD127) expression. In addition, CD40L expressed from canarypox virus could significantly
augment CD4+ T cell responses against HIV-1 in mice. CD40L expressed from canarypox virus
matured human monocyte-derived dendritic cells (MDDCs) in a tumor necrosis factor α (TNF-α)
independent manner, which underwent less apoptosis, and could expand ex vivo Epstein-Barr
virus (EBV)-specific CTL responses from healthy human individuals and ex vivo HIV-1-specific
CTL responses from HIV-1-infected individuals in the presence or absence of CD4+ T cells.
Taken together, our results suggest that CD40L incorporation into poxvirus vectors could be used
as a strategy to enhance their immunogenicity.
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Introduction
Safe and effective vaccines are desperately needed to contain the spread of Human
Immunodeficiency Virus Type 1 (HIV-1), which continues to spread globally [1,2].
Members of the poxvirus family (poxviridae) have, in recent years, received considerable
attention for the development of vaccine vectors that can induce humoral and cellular
immunity against virus infections as well as immunotherapy for cancer [3]. Several
advantages of these vectors for vaccine development include strict cytoplasmic replication
that is primarily abortive in human cells, and their good long term safety profile [4].

ALVAC is an attenuated canarypox derived vector that cannot replicate productively in
mammalian cells [5,6]. ALVAC HIV-1 vaccine is a candidate HIV-1 vaccine, which is now
in Phase III clinical trials [7,8]
(http://www.iavireport.org/specials/OngoingTrialsofPreventiveHIVVaccines.pdf). Previous
studies have shown that ALVAC HIV-1 vaccines are safe [9], and unlike adenovirus
vectors, may not be limited by pre-existing anti-vector immunity [10,11]. However, ALVAC
immunogenicity in humans is low, eliciting HIV-1-specific cytotoxic CD8+ T cell (CTL)
responses in less than 25% of normal volunteers in clinical studies [12–14], implying that
further efforts need to be done to improve the immunogenicity of current canarypox HIV-1
vaccines.

Several members of tumor necrosis factor/tumor necrosis factor receptor superfamily
(TNFSF/TNFRSF), including CD40L (CD154)/CD40, have been shown to enhance
immunity by promoting expansion and survival of T, B, and dendritic cells (DCs) [15–17].
CD40L-CD40 interaction is considered as the main pathway through which CD4+ T cells
provide help for the generation of CD8+ T cell responses and T cell dependent antibody
responses [16,18,19]. CD40L is a type II membrane protein predominantly expressed on
activated CD4+ T cells. CD40 is constitutively expressed on immature DCs and B cells.
Engagement of CD40 by CD40L can induce activation and maturation of immature DCs,
prevent their apoptosis, and “license” them to prime CD8+ T cell responses. In fact, previous
studies showed that CD40 stimulation alone could substitute CD4+ T cells in generating
CD8+ T cell responses [20–23]. Stimulation of CD40, mainly through agonistic anti-CD40
antibody, has been used experimentally to enhance immune responses elicited by antigens
from bacteria, viruses, and tumors (see reference [24] for review).

We previously reported that soluble recombinant human CD40L protein could enhance ex
vivo viral specific CD8+ T cell memory responses in HIV-1-infected and healthy individuals
[25–27]. To test whether CD40L can be used as an adjuvant for HIV-1 ALVAC vaccines,
we constructed recombinant canarypox viruses expressing CD40L and evaluated their effect
on immune responses elicited by HIV-1 ALVAC vaccine in mice. We also studied the effect
of CD40L expressed from canarypox on human DC maturation and memory cytotoxic T
lymphocytes (CTL) expansion in cells taken from healthy HIV-1-uninfected and HIV-1
infected individuals.

Materials and methods
Construction of recombinant canarypox expressing CD40L

The methods for construction of recombinant canarypox expressing CD40L are as described
elsewhere [28,29]. Briefly, the expression cassettes for mouse membrane form of CD40L,
mouse multimeric soluble form of CD40L, SP-D-CD40L, and human membrane form of
CD40L were inserted into the C5 locus of canarypox vector, ALVAC II (Sanofi-Pasteur,
Toronto, ON, Canada). These viruses are designated vCPmCD40L, vCPmSP-D-CD40L, and
vA3131-2, respectively. The recombinant viruses were subjected to six rounds of plaque
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purification on chicken embryo fibroblasts (CEFs, Charles River Laboratories, Wilmington,
MA). The expression of CD40L was analyzed by RT-PCR, flow cytometry, and Western
blot. For RT-PCR, CEFs were infected by recombinant viruses or their parental control
ALVAC II at 5 plaque forming units (pfu)/cell (MOI) for 3 days. Total RNA was isolated
from infected CEFs using Trizol Reagent (Invitrogen, Burlington, ON, Canada) and
subjected to RT-PCR with specific primers amplifying the coding sequence of CD40L. The
identity of the amplified product was further verified by DNA sequencing. For flow
cytometry, human peripheral blood mononuclear cells (PBMCs) were infected with
recombinant viruses or ALVAC II at 5 MOI for 24 h and then stained with PE-conjugated
anti-mouse or anti-human CD40L (BD Biosciences, Mississauga, ON, Canada). For
Western blot of membrane form of CD40L, Hela cells or human monocytic cell line THP-1
were infected with recombinant viruses or ALVAC II at 5–10 MOI for 24–48 h. Infected
cells were then harvested and lysed with CelLytic ™-M (Sigma, Oakville, ON, Canada).
The cell lysates were loaded on SDS-PAGE gel, electrophoresed, and blotted onto Hybond-
P PVDF membrane (GE Healthcare, Piscataway, NJ). The membrane was then blocked and
probed with goat anti-mouse CD40L or goat anti-human CD40L antibody (R&D Systems,
Inc., Minneapolis, MN), followed by horseradish peroxidase-conjugated anti-goat antibody
(Jackson ImmunoResearch Laboratories, West Grove, PA). For Western blot of SP-D-
CD40L, the soluble multimeric CD40L, supernatant of Hela cells infected with recombinant
virus at 10 MOI for 24 h was collected. Biotinylated anti-mouse CD40L antibody (MR1; BD
Biosciences) was bound to streptavidin-coated magnetic beads (Invitrogen). The magnetic
beads were incubated with the supernatant and loaded onto SDS-PAGE gel, electrophoresed,
and blotted onto Hybond-P PVDF membrane (GE Healthcare). The membrane was then
blocked and probed with anti-mouse SP-D (surfactant-associated protein-D) mAb (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA) followed by horseradish peroxidase-conjugated
goat anti-mouse antibody (Santa Cruz Biotechnology, Inc). The signal was developed on
Kodak BioMax MR-1 film (PerkinElmer Life and Analytical Sciences, Woodbridge, ON,
Canada) using chemiluminescence.

Mice and vaccination
Six to eight week old female Balb/c mice were purchased from Charles River Laboratories
(Wilmington, MA). Mice were maintained at the Division of Comparative Medicine,
Faculty of Medicine, University of Toronto. All animal work was performed following a
protocol approved by University of Toronto. Mice were immunized 3 times at 2-week
intervals by injecting 100μl solution containing 107 pfu vCP1452 (Sanofi-Pasteur) and 107

pfu ALVAC II or 107 pfu vCP1452 and 107 pfu recombinant viruses expressing CD40L into
the quadriceps of both hind limbs (50μl for each). vCP1452 expresses the products of
several HIV-1 genes, including HIV-1 MN strain gp120 fused with the gp41 from the HIV-1
LAI strain, HIV-1 LAI strain gag, part of pol, and a nef/pol polypeptide string.

Splenocytes preparation
Six weeks after the last immunization, mice were euthanized and spleens were removed and
processed into single-cell suspensions in RPMI-1640 supplemented with 2mM L-glutamine,
10% fetal bovine serum (FBS), 50μM 2-mercaptoethanol, 100 U/ml of penicillin and 100μg/
ml streptomycin (Invitrogen).

Interferon gamma (IFN-γ) ELISpot—Polyvinylidene difluoride 96-well plates
(MAIPS4510; Millipore, Bedford, MA) were coated with 10μg/mL rat anti-mouse IFN-γ
antibody (Cat No. 551309; BD Biosciences) in PBS at 4°C overnight. The plates were then
washed 3 times with PBS and blocked with R-10 medium (RPMI-1640 supplemented with
10% fetal bovine serum) for at least 2 h. Splenocytes and P815 cells (mouse mastocytoma
cell line) that had been pulsed with or without H-2Kd-resticted immunodominant HIV-1
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Gag199–207 peptide AMQMLKETI (Mimotopes Pty Ltd., Clayton Victoria, Australia) were
added to the plates and incubated at 37°C for 18 h. The plates were then washed, labeled
with biotinylated rat anti-mouse IFN-γ antibody (Cat No. 554410; BD Biosciences), and
incubated at room temperature for 2 h with shaking. After additional washes, streptavidin-
horseradish peroxidase (Pierce, Rockford, IL) was added to the plates for 1 h at room
temperature with shaking. The plates were washed and spots representing individual IFN-γ-
producing cells were detected after 5-min color development using AEC substrate (BD
Biosciences). IFN-γ spots-forming cells (SFC) were counted using an automated reader
(Immunospot II; Cellular Technologies, Cleveland, OH).

Tetramer staining
Splenocytes were stained with FITC-anti-mouse-CD8 mAb, PE- anti-mouse-CD127 mAb
(BD Biosciences), and APC-AMQMLKETI/H-2Kd tetramer (NIH tetramer facilities,
Atlanta, GA). Splenocytes from naïve mice stained with FITC-anti-mouse-CD8 mAb were
used as control for tetramer and CD127 gating. The stained cells were then collected using
FACSCalibur flow cytometer (BD Biosciences) and the data were analyzed with FlowJo
software (Tree Star, Ashland, OR). FMO (fluorescence minus one) controls were used to
determine thresholds for positive staining.

Intracellular cytokine staining
For mice splenocytes, cells were stimulated with 10μg/ml AMQMLKETI in the presence of
monensin (or brefeldin A for tumor necrosis factor-α (TNF-α) staining) (BD Biosciences)
(and FITC-anti-mouse CD107a mAb (BD Biosciences) for CD107a staining) for 6 h. The
cells were then washed and stained with FITC- or PerCP-anti-mouse-CD8 mAb for 30 min
at 4°C. After washing, the cells were permeablizd with Cytofix/Cytoperm solution (BD
Biosciences) and stained with PE-anti-mouse IFN-γ mAb and PE-Cy7- anti-mouse TNF-α
mAb. For human MDDCs, the cells were infected with vA3131-2, ALVAC II, or vCP205
(Sanofi-Pasteur) at 10 MOI, or incubated with medium alone at 37°C for 24 h. vCP205 is an
HIV-1 canarypox vaccine that can express HIV-1 MN strain gp120 fused with gp41 from
HIV-1 LAI strain, HIV-1 LAI strain gag and part of pol [28]. Monensin was added during
the last 6 h incubation. Then the cells were permeablized with Cytofix/Cytoperm solution
(BD Biosciences) and stained with APC-mouse anti-human TNF-α mAb and PE-mouse
anti-human IL-12 mAb (BD Biosciences). For human cytotoxic T cells (CTL), CTL were
incubated with peptide-pulsed or non-peptide pulsed autologous B-lymphoblastoid cell lines
(B-LCL) for 6 h in the presence of monensin at 37 °C in 5% CO2. The cells were stained
with FITC-mouse anti-human CD8 mAb (BD Biosciences) for 30 min at 4°C. After
washing, the cells were permeablizd with Cytofix/Cytoperm solution and stained with PE-
mouse anti-human IFN-γ mAb (BD Biosciences). The samples were collected using
FACSCalibur flow cytometer (BD Biosciences). Data were analyzed with FlowJo software
(Tree Star, Ashland, OR).

Splenocytes proliferation and cytokine production
Splenocytes were cultured in triplicate in 96-well round-bottom plates in 200μl media with
or without HIV-1 p24 core protein (Protein Sciences, Meriden, CT). After 5 days incubation
at 37°C in 5% CO2, 100μl of supernatant was removed for measurement of IFN-γ and IL-4
by ELISA (R&D Systems). 20μl of [3H]thymidine (1μCi/well) was then added to each well
and the plates were incubated for an additional 16 h, following which the cells were
harvested onto glass fiber filters and counted in scintillant in a beta counter. Proliferation
was expressed as a stimulation index (the ratio of the counts per minute obtained with
antigen/counts per minute without antigen).
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Serum antibody measurements
HIV-1 p24 core protein was coated onto 96-well ELISA plate (Thermo-Electron, Milford,
MA). Mice sera at different dilutions were added to the plates and incubated at room
temperature for 2 h with shaking. The p24-antibody was then detected using HRP-
conjugated goat anti-mouse immunoglobulin (Southern Biotech, Birmingham, AL) and
SureBlue TMB Microwell Peroxidase Substrate (KPL, Gaithersburg, MD).

Study subjects
We were interested in studying human memory HIV-1 and Epstein-Barr virus (EBV)
specific anti-viral responses. Thus, untreated HIV-1 infected individuals and HIV-1 negative
EBV seropositive individuals were recruited. For CTL assays, four untreated, HIV-1-
seropositive individuals (Participants #1 to #4) with varying stages of disease progression
were studied, whose clinical profiles are depicted in Table 1. Three asymptomatic HIV-1-
uninfected individuals (Participants #5 to #7), who were HLA-A*0201 positive and had
detectable EBV specific CD8+ T cell IFN-γ responses by ELISpot assay (data not shown),
were also studied. Leukopheresis was performed to obtain large amounts of peripheral blood
mononuclear cells (PBMCs). Prior to the study, individuals were class I HLA typed and
screened for HIV-1 or EBV specific CTL by culturing PBMCs with HLA-restricted HIV-1
or EBV peptides and detecting IFN-γ producing CD8+ T cells by ELISpot assay as
previously described [data not shown, and [30]]. HLA restricted epitopes to HIV-1 for
individual participants #1-#4 are shown in Table 1. HIV-1 uninfected participants #5-#7
responded to the HLA-A *0201 restricted BMLF1 region of EBV, (GLCLVAML).
Informed consent was obtained from participants in accordance with the guidelines for
conduct of clinical research at the University of Toronto and St. Michael’s Hospital. All
investigational protocols were approved by the University of Toronto and St. Michael’s
Hospital institutional review boards.

Generation of MDDCs
The method for generation of MDDCs has been described previously [26]. Briefly, purified
monocytes obtained using Monocyte Negative Isolation Kit (Dynal, Oslo, Norway) were
cultured in RPMI-1640 medium supplemented with 10% FBS, 2mM L-glutamine, 25mM
HEPES, 100 U/ml of penicillin and 100μg/ml streptomycin in the presence of 50ng/ml
human rGM-CSF and 100ng/ml human rIL-4 (PeproTech, Rocky Hill, NJ). After 7 days of
culture, more than 50% of the cells were CD1ahigh, MHC-II+, CD80low, and CD14-, which
represents an immature DC phenotype. The immature MDDCs (iMDDCs) were then
infected with vA3131-2, ALVAC II, or vCP205 (Sanofi-Pasteur) at 10 MOI, or incubated
with medium alone at 37°C for 48h. Then the cells were harvested and used as MDDCs.

MDDCs maturation and apoptosis analysis
For maturation analysis, MDDCs were stained with PE-mouse anti-human CD80 or CD83
mAb and FITC-mouse anti-human CD86 mAb (BD Biosciences) and analyzed using flow
cytometer. For apoptosis analysis, MDDCs were permeablized with Cytofix/Cytoperm
solution, stained with FITC- or PE-mouse anti-human caspase-3 mAb (BD Biosciences),
and analyzed using flow cytometry.

Induction of peptide-specific CTL
Peptide-specific CTL were expanded by a modification of a method previously described
[26]. Briefly, CD4+ T cell-containing or –depleted PBMCs were cocultured for 10 d with
autologous MDDCs that were either pulsed or not pulsed with HLA-restricted epitopes of
HIV-1 proteins or EBV proteins. MDDCs were previously infected with vA3131-2 or
ALVAC II at 10 MOI, or incubated with medium alone at 37°C for 48h.
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Cytotoxicity assay
Autologous B-LCL were labeled by incubating in 100μCi sodium 51Cr chromate and pulsed
with the specific peptide at 10μM for 1 h at 37°C. Control B-LCL were either pulsed with an
irrelevant peptide or cultured in medium alone. Labeled target cells and serial dilutions of
effector cells in triplicate were incubated for 4 h. Supernatants were then collected and
analyzed in a microplate scintillation counter (TopCount; Packard Instrument, Meriden,
CT). Background chromium release was always<10%. Percentage of lysis was calculated
from the formula: 100% × (E-M)/(T-M), in which E is experimental release, M is the release
in the presence of R-10 medium, and T is the release in the 5% Triton X-100 detergent.
Specific lysis was determined by subtracting the lysis of control targets from the lysis of
peptide-pulsed targets.

Statistical analysis
Results are expressed as the mean±standard errors of the mean (SEM). Statistical analysis
was performed using Prism 4.0 software (GraphPad Software, San Diego, CA). For murine
samples, a two-tailed t test was performed. For human samples, a two-tailed t test for paired
samples was performed. P < 0.05 was considered statistically significant.

Results
Construction of ALVAC expressing CD40L and testing adjuvancy with vCP1452 in a
murine model

We postulated that incorporating CD40L into ALVAC could be used as an adjuvant for the
HIV-1 vaccine vCP1452. A previous study reported that soluble multimeric form of CD40L,
SP-D-CD40L, was superior to membrane CD40L in augmenting immunogenicity elicited by
HIV-1 DNA vaccine [31]. We thus constructed ALVAC vectors expressing both membrane
CD40L (vCPmCD40L) and soluble multimeric CD40L (vCPmSP-D-CD40L). Expression of
CD40L by vectors was confirmed by detecting transcripts by RT-PCR, and protein by FACS
analysis and Western blot of infected cells (Fig. 1). In order to test whether addition of
ALVAC expressing CD40L could boost immunogenicity to the HIV-1 protein expressing
ALVAC, vCP1452, Balb/c mice were immunized according to the following schedule:
group 1: Naïve unimmunized mice; group 2: 107 pfu of vCP1452 + 107 pfu ALVAC II
(empty vector); group 3: 107 pfu of vCP1452 + 107 pfu vCPmCD40L; group 4: 107 pfu of
vCP1452 + 107 pfu vCPmSP-D-CD40L. Vaccines were given 3 times at 2 week intervals.
Six weeks after the last immunization, mice were sacrificed and spleens and sera were
collected for immunological analysis. Additional controls included mice that were
immunized with vCPmCD40L or vCPmSP-D-CD40L without vCP1452, in which we did
not detect any immune responses above naïve control mice (data not shown). CD8+ T cell
immune responses were assessed by IFN-γ-ELISpot after co-culture of splenocytes with
P815 cells pulsed with the H-2Kd restricted immunodominant epitope of HIV-1 Gag,
AMQMLKETI, intracellular cytokine staining after stimulation with AMQMLKETI, and
H-2Kd restricted-AMQMLKETI tetramer staining [32]. Mice immunized with ALVAC
expressing either form of CD40L had about two fold increased numbers of CD8+ T cells
producing IFN-γ against the HIV-1-Gag epitope compared with HIV-1 vaccine vCP1452
without CD40L (83±16 SFC/million cells versus 177±35 SFC/million cells versus 156±28
SFC/million cells for vCP1452+ALVAC II, vCP1452+vCPmCD40L, vCP1452+vCPmSP-
D-CD40L, respectively, P<0.05 for both pairs) (Fig. 2A). The adjuvant effect of CD40L on
CD8+ T cells was further demonstrated by tetramer staining (Fig. 2B and C). Six weeks after
the last immunization, we could barely detect HIV-1 Gag AMQMLKETI-tetramer positive
CD8+ T cells in vCP1452+ALVAC II group while in CD40L groups we could easily detect
tetramer positive CD8+ T cells (Fig. 2B and C). Recent studies suggest polyfunctional T
cells that produce more than one cytokine, chemokine, and marker of degranulation
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correlate with virologic control and could be used as an immunological parameter for
assessing vaccine efficacy [33–35]. We therefore measured the effect of vCPmCD40L and
vCPmSP-D-CD40L on the induction of polyfunctional CD8+ T cells. Splenocytes were
assessed for co-staining with IFN-γ and TNF-α mAbs or IFN-γ and CD107a mAbs by flow
cytometry (Fig. 2D–2G). Co-immunization with ALVAC expressing CD40L could double
the number of polyfunctional CD8+ T cells elicited by the HIV-1 vaccine, vCP1452 (Fig.
2D–2G). Both CD40L groups also had greater frequencies of HIV-1 Gag specific IFN-γ
CD8+ T cells (Fig. 2H), which included those that were mono-functional (only expressing
IFN-γ, data not shown) or co-expressed other cytokines.

An effective CTL based vaccine should theoretically induce long-lasting memory CD8+ T
cells that correlate with IL-7Rα (CD127) expression [36]. Co-immunizing with CD40L
increased the frequency of Gag AMQMLKETI-tetramer positive CD8+ T cells that
expressed CD127 (Fig. 2I and J). We then studied the effects of CD40L on other aspects of
adaptive immune response. To assess CD4+ T cell immune responses we examined
proliferative responses and cytokine production to p24 HIV-1 Gag antigen. Similarly to
CD8+ T cell responses, co-immunization with ALVAC expressing membrane CD40L
increased splenocyte proliferation to HIV-1 Gag protein, as well as IFN-γ production within
supernatants of stimulated cells (Fig. 2K and L). Of note however, was that the multimeric
soluble form of CD40L could not enhance CD4+ T cell responses. HIV-1 Gag induced IFN-
γ but not IL-4 was significantly increased in the vCP1452+CD40L groups compared with
the vCP1452+ALVAC II group (Fig 2L), indicating a Th1 rather than a Th2 response was
augmented by CD40L. In addition, we detected HIV-1 Gag-antibody in sera of vaccinated
mice and found both membrane form and soluble multimeric form of CD40L could not
boost HIV-1 humoral immune response elicited by vCP1452 (Fig. 2M), which is consistent
with CD40L tending to polarize toward a Th1 response. Taken together, our results
demonstrate that CD40L expressed from canarypox vector could augment the cellular
immune response of an HIV-1 canarypox vaccine. We found no significant differences in
the immunogenicity of CD8+ T cell responses if the CD40L was expressed as a membrane
or secreted multimeric form in the canarypox vector.

Canarypox vector-expressed CD40L can activate and mature human MDDCs in vitro
The above murine data suggests CD40L might be used as an adjuvant for the current HIV-1
ALVAC vaccine. As a first step for possible clinical application, we first studied the effect
of canarypox vector-expressed CD40L on human immune responses in vitro. A recombinant
canarypox vector expressing a membrane form of human CD40L, vA3131-2, was
constructed and expression of human CD40L in infected cells was verified by flow
cytometry and Western blot (data not shown). Previous studies show that CD40L could
activate and mature human monocyte derived dendritic cells, which then can expand
immune responses [26,37,38]. Therefore, we first studied the effect of CD40L expressing
from the canarypox vector on human immature monocyte derived dendritic cells (iMDDCs).
iMDDCs generated from HIV-1 infected individuals with detectable HIV-1 specific CD8+ T
cell responses were infected by vA3131-2 (expressing human CD40L), its parental control
ALVAC II, or vCP205, an HIV-1 canarypox vaccine expressing HIV-1 gag, env, and pol.
Maturation and activation of iMDDCs were then assessed by cytokine production and
expression of surface markers using flow cytometry. As shown in Fig. 3 and 4, both
ALVAC II and vCP205 infection of iMDDCs upregulated the production of TNF-α and
IL-12 and expression of DC maturation markers, CD83, CD86, and CD80, indicating that
the canarypox vector itself could activate human MDDCs, as was previously shown [39].
However, vA3131-2 (ALVAC expressing CD40L) infection always led to significantly
higher production of the cytokines, particularly IL-12, and expression of the surface markers
CD83, CD80 and CD86 (P<0.01 compared with ALVAC II or vCP205). Ignatius et al. [39]
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previously showed that canarypox vectors mature MDDCs by enhancing TNF-α production
and inducing MDDCs apoptosis. However, the activation and maturation of iMDDCs
infected by vA3131-2 was minimally affected by adding TNF-α blocking Ab into the culture
medium, whereas anti-TNF-α greatly reduced the activation and maturation of iMDDCs
infected by ALVAC II and vCP205 (Fig 4C). Furthermore, using caspase-3 as an apoptosis
marker, we found parental ALVAC II and vCP205 induced apoptosis of MDDCs, while the
CD40L-expressing vector prevented ALVAC vector-induced apoptosis (Fig. 5). Therefore,
the activation and maturation of iMDDCs by vA3131-2 is mainly due to CD40L expressed
from the canarypox vector. Canarypox vector itself can also moderately activate and mature
iMDDCs.

iMDDCs infected by vA3131-2 (ALVAC expressing human CD40L) can expand HIV-1- and
EBV-specific memory CTL in vitro in both CD4+ T cell-containing and –depleted conditions

To determine whether CD40L expressed from canarypox vector can expand virus-specific
memory CTL responses, we used an in vitro co-culture method in which peptide-pulsed
MDDCs stimulate CD8+ T cells in the absence of exogenous cytokines, as previously
described [26]. In this co-culture system, expansion of CD8+ T cells is highly dependent on
the presence of CD4+ T cells providing help. We also performed experiments in both CD4+

T cell-containing and –depleted conditions to determine whether CD40L expressed from
canarypox vector could completely substitute for CD4+ T cell help of CTL responses.
MDDCs from 4 HIV-1 infected individuals (Table 1) were infected by vA3131-2 or the
control parental canarypox vector, ALAVC II for 48 h, and then pulsed with an HLA class I-
restricted HIV-1-specific epitope, and cocultured with autologous PBMCs in CD4+ T cell-
containing or –depleted conditions. After 10 days of co-culture, CTL effector activity was
assessed by intracellular IFN-γ production and direct cytolysis of peptide-pulsed targets after
exposure to peptide-pulsed autologous B-LCL or T cell-depleted PBMCs. Representative
experiments measuring CTL by intracellular IFN-γ flow cytometry from subject 1 and the
other 3 subjects are illustrated in Fig. 6A and B, respectively. Fig. 6C shows representative
chromium release assay results from subject 1. iMDDCs infected by vA3131-2 (expressing
CD40L) markedly enhanced HIV-1 specific memory CTL responses when compared with
medium-treated iMDDCs or control ALVAC II-infected iMDDCs. In addition, vA3131-2
could replace CD4+ T cell help and enhanced CTL responses to levels observed in the
presence of help (Fig. 6A–6C). To determine whether CD40L expressed from canarypox
vector could also boost CTL responses against other viruses, iMDDCs from 3 HIV-1-
uninfected individuals who had previously demonstrated an HLA-A*0201-restricted
response to the EBV epitope of BMLF1 (lytic cycle Ag) (Table 1) were pulsed with peptide
and infected by vA3131-2 and co-cultured with CD4+ T cell- containing or –depleted
autologous PBMCs for 10 days. EBV-specific CTL responses were measured by
intracellular IFN-γ production and direct cytolysis of peptide-pulsed targets after exposure to
peptide-pulsed autologous B-LCL or T cell-depleted PBMCs. Similar to HIV-1-infected
individuals, iMDDCs infected by vA3131-2 could substantially enhance EBV specific CTL
responses and CD40L expressed from vA3131-2 could fully to partially substitute for CD4+

T cell help in our experiments (Fig. 6D and E).

Discussion
Recently, a phase 2b trial of an adenovirus-based vaccine aiming to induce cellular immune
responses against HIV-1 failed to provide protection from HIV-1 infection, nor did it reduce
HIV-1 viral load in infected individuals[40]. This failure highlights the challenges facing
HIV-1 vaccine development, which calls for new systematic approaches, including novel
antigen design, new vaccine vectors, and novel adjuvants[1,2,41]. Members of the poxvirus
family, especially attenuated poxviruses, like modified vaccinia virus Ankara (MVA),
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NYVAC, and ALVAC, have been used as vectors for HIV-1 vaccines. However, the
immunogenicity of these vaccines in humans is also generally low to modest[42,43],
implying that further efforts need to be done to improve the immunogenicity of current
poxvirus vector HIV-1 vaccines.

Our results demonstrate that CD40L expressed from canarypox vector can boost cellular
immunogenicity of HIV-1 canarypox vaccine in mice and enhance CD8+ T cell memory
responses in both HIV-1-infected and HIV-1-uninfected individuals. Recent advances in
immunology have shown that several types of molecules may be used as novel adjuvants to
enhance immunogenicity of vaccines, such as cytokines, chemokines, Toll-like receptor
ligands, and some costimulatory molecules [44–47]. Among these molecules, CD40L is
attractive since it is one of the main mechanisms by which CD4+ T cells provide help to
CTL and B cells [16,18,19,31]. The CD4+T-cell-replacement activity of CD40L in our DC
co-culture experiments is especially intriguing in the setting of development of a therapeutic
vaccine for HIV-1. One advantage of canarypox vector is its high-profiled safety, which has
been demonstrated in both animal studies and clinical trials [5,9,29,48]. Another advantage
of canarypox vector is that as a DNA virus that can only abortively infect mammalian cells,
the target gene will be expressed transiently, which may be especially important for the
expression of costimulatory molecules, such as CD40L, since long-term presence of
costimulatory molecules might lead to autoimmunity or immunosuppression[49–51]. In our
current study, we found no discernible signs of adverse effects of CD40L-expressing
canarypox vector when used in mice. In contrast to the work by Stone et al. [31] who
demonstrated that multimeric secreted CD40L was more potent than membrane expressed
CD40L in a DNA vaccine, we found no differences in adjuvant activity when comparing
both forms in the context of canarypox virus vectors. These differences highlight the
complexity of transferring similar immune enhancement strategies between different vaccine
vectors. Similar findings have also been observed by others. For example, Kovarik et al.
found IL-12 could enhance Th1 responses to measles hemagglutinin DNA vaccine but not to
ALVAC vaccine expressing the same antigen[52]. Furthermore, other factors, such as
antigens and delivery forms of adjuvants, have all been reported to affect the adjuvancy
effect[53,54]. Therefore, different vaccines may need different adjuvants to achieve best
vaccination results.

Recent studies suggest that measuring multiple phenotype parameters simultaneously may
better reflect the quality of CD8+ T cells [33–35,55]. The addition of canarypox expressing
CD40L had not only increased specific CD8+ T cell responses qualitatively but also
improved the quality of CD8+ T cells as exhibited by more specific polyfunctional CD8+ T
cells and potentially more long lived memory CD8+ T cells as determined by IL-7Rα
staining. Some previous reports suggested that CD40L is also important for enhancing CD4+

T cell responses [56–58]. Our data are consistent with these reports in that the CD40L
regimens enhanced splenocyte proliferation and Th1 cytokine production to vaccine
antigens, however, only when CD40L was expressed as a membrane molecule in canarypox
vector. Surprisingly, our vaccination strategy had no effect on humoral immunity indicating
that expressing the TNFSF molecule CD40L in the context of a canarypox virus based
vector does not affect B cell responses. This is consistent with a previous report showing a
lack of effect of CD40L DNA vector in humoral immunity [31].

We also show that CD40L expressing canarypox vectors can mature human DCs in a co-
culture system and expand HIV-1 specific CTL and EBV specific CTL from HIV-1 infected
and uninfected individuals, respectively. Consistent with previous results using exogenous
CD40L trimer [26,37,38], we found CD40L expressed from canarypox vector could activate
and mature human MDDCs to a greater extent than that of the parental control virus or a
clinically used HIV-1 canarypox vaccine, vCP205. ALVAC virus has previously been
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shown to activate and mature DCs via ingestion of apoptotic DCs and TNF-α secretion
induced by ALVAC infection [39,59,60]. This was verified in our experiments, however,
ALVAC expressing CD40L primarily matured DCs independently of TNF-α, supporting a
direct effect through CD40L expression on DCs. Furthermore, whereas parental ALVAC
and HIV-1 expressing vCP205 induced apoptosis, CD40L-expressing vectors prevented
ALVAC vector-induced apoptosis. This latter effect may be important for prolonging DC
stimulation of T cells, given that canarypox virus vectors have such a transient expression in
vivo. The effects of CD40L expressing canarypox on human DCs were translated in the
ability of these DC to expand virus specific memory CTL from HIV-1 infected and
uninfected individuals, in the presence or absence of CD4 help. The latter finding is
particularly important, given that HIV-1 infected individuals with low CD4 counts respond
poorly to vaccinations [61]. Such a strategy could be used to improve immunogenicity of
vaccines in HIV-1 infected individuals, as well as in the context of therapeutic vaccination
against HIV-1 in HIV-1 infected individuals. Of equal importance, is that, the currently
tested HIV-1 expressing canarypox vector, ALVAC-vCP1452, may be significantly
improved in terms of immunogenicity, if given with CD40L expressing ALVACs.

Therapeutic vaccination against HIV-1 may be beneficial to HIV-1 infected individuals by
helping restore cellular immune responses and extend interruption of highly active anti-
retroviral therapy (HAART)[62]. However, two requirements have to be fulfilled by
therapeutic vaccines in this scenario: they must be both safe in the setting of immune
compromise and secondly must be able to provide ‘help’ to defective CTL responses given
the already poor function of CD4+ T cells in HIV-1 infected individuals. In this regard, our
results presented here imply canarypox HIV-1 vaccines, which have been shown to be safe
in HIV-1 infected individuals[63], plus canarypox vectors expressing CD40L that can
provide ‘help’ to CTL, may be a promising therapeutic vaccination strategy against HIV-1
infection.
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Figure 1.
Expression of murine CD40L by recombinant canarypox vector. Recombinant canarypox
viruses vCPmCD40L and vCPmSP-D-CD40L were generated as described in Materials and
Methods. (A) RT-PCR. CEF cells were infected by vCPmCD40L, vCPmSP-D-CD40L or its
parental control ALVAC II at 5 MOI for 3 days. Total RNA was isolated from infected CEF
cells using Trizol Reagent and subjected to RT-PCR with specific primers amplifying the
coding sequence of murine CD40L or SP-D-CD40L. The identity of the amplified product
was further verified by DNA sequencing (not shown). (B) Flow cytometry. Human PBMCs
were infected by vCPmCD40L, vCPmSP-D-CD40L or ALVAC II at 5 MOI for 24 hrs and
stained with PE-labeled anti-mouse CD40L mAb. (C) Western blot. Hela cells were infected
by vCPmCD40L, vCPmSP-D-CD40L, or ALVAC II at 10 MOI for 24–48hrs. Cell lysates
or magnetic beads incubated with supernatant of infected cells were subjected to Western
blot and detected with a goat anti-mouse CD40L or anti-mouse SP-D antibody. As expected,
the membrane CD40L was about 35–40kD and soluble multimeric form of CD40L was
about 70kD.
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Figure 2.
CD40L expressed by recombinant ALVAC virus boosts the immunogenicity of an HIV-1
canarypox vaccine in mice. Female Balb/c mice of 6–8 wks age were immunized 3 times
with an HIV-1 canarypox vaccine, vCP1452, with either of vCPmCD40L or vCPmSP-D-
CD40L or ALVAC II. Six weeks after the last immunization, mice were sacrificed and
spleens were taken and used for preparation of splenocytes. (A) IFN-γ ELISpot. Splenocytes
were stimulated with P815 cells pulsed with an H-2Kd restricted HIV-1 Gag peptide,
AMQMLKETI, for 16 hrs. Cells producing IFN-γ were detected and counted as described in
Materials and Methods. (B) and (C) MHC-I tetramer analysis. Splenocytes were stained
with anti-mouse CD8 mAb and AMQMLKETI/H-2Kd tetramer. (B) shows representative
flow cytometry results for each group of mice. Numbers are percentage of tetramer positive
cells in CD8+ cells. (C) shows summary of the tetramer data for each group of mice. (D) to
(G) Polyfunctional CD8+ T cells analyzed by flow cytometry. Splenocytes were stained with
anti-mouse IFN-γ and anti-mouse TNF-α mAbs and co-expressing cells are measured in (D)
and (E) or anti-mouse IFN-γ and anti-mouse CD107a mAbs and co-expressing cells are
measured in (F) and (G). (D) and (F) show representative flow cytometry results and (E) and
(G) show summary of the polyfunctional CD8+ T cell data for each group of mice. (H)
CD8+ T cells producing IFN-γ analyzed by flow cytometry. Splenocytes were stained with
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anti-mouse CD8 and anti-mouse IFN-γ mAbs. (I) and (J) Memory HIV-1-Gag specific
CD8+ cells analyzed by flow cytometry. Splenocytes were stained with anti-mouse CD8,
anti-mouse CD127 (IL-7Rα) mAbs, and AMQMLKETI/H-2Kd tetramer. In (I) CD8+/
Tetramer+ cells are gated and measured by CD127 (y-axis). CD8+ T cells from naïve mice
unstained for CD127 was used as control for CD127 gating. (J) shows summary data of
CD127 expression in tetramer+ cells. (K) Lymphocyte proliferation. Splenocytes were
stimulated with HIV-1 p24 Gag for 6 days and [3H]-thymidine incorporation was measured.
(L) Cytokine production. Splenocytes were stimulated with HIV-1 p24 Gag for 5 days. IFN-
γ and IL-4 in the supernatant were measured by ELISA. (M) Serum anti-Gag antibody.
HIV-1 p24 Gag was used as antigen, and mice serum anti-Gag antibodies were measured by
ELISA. Data shown are mean±SEM. n=4–10. *: P<0.05. **: P<0.01.
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Figure 3.
CD40L expressed by recombinant ALVAC virus enhances TNF-α and IL-12 production of
human MDDCs. Human immature MDDCs were infected with recombinant ALVAC virus
expressing human CD40L called vA3131-2, an ALVAC-HIV vaccine called vCP205, or a
parental control, ALVAC II at an MOI of 10, or incubated with medium alone, or with
CD40L trimer (2 μg/ml) as a positive control at 37°C for 24 h. The production of TNF-α and
IL-12 was determined by intracellular staining flow cytometry. (A) Data are taken from the
HIV-1-infected participant #1 and are representative of experiments with MDDCs derived
from two HIV-1-infected and two HIV-1-uninfected individuals. The numbers in each gate
represent the percentage of TNF-α or IL-12-positive MDDCs in total MDDCs. (B) Pooled
data from all participants are shown. Data shown are mean±SEM. **: P<0.01.
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Figure 4.
CD40L expressed by recombinant ALVAC virus promotes human MDDCs maturation
independent of TNF-α secretion. Immature MDDCs were infected with recombinant
ALVAC virus expressing human CD40L, vA3131-2; an ALVAC-HIV vaccine, vCP205; or
a parental control, ALVAC II at an MOI of 10, or incubated with medium alone at 37°C for
48 h. Expression of surface molecules was analyzed by flow cytometry. (A) Numbers in
CD83 row represent percentage of CD83 positive cells in total MDDCs and numbers in
CD86 and CD80 rows represent the mean fluorescence intensity of specific staining
(histogram with solid line) subtracted from the value of background staining with matched
isotype control mouse mAbs (dotted histogram). Data shown are from HIV-1-infected
participant #1 and representative of six experiments performed with MDDCs obtained from
three HIV-1-uninfected blood donors and three HIV-1-infected individuals. (B) Pooled data
from all six participants studied are shown. Data shown are mean±SEM. **: P<0.01. (C)
Immature human MDDCs were infected or not (medium) with vA3131-2 (CD40L
expressing), vCP205, or ALVAC II at an MOI of 10 and then incubated in the presence of a
blocking anti-human TNF-α Ab or the control isotype immunoglobulin (20 μg/mL). After 24
h incubation, MDDCs were collected and stained for CD83 expression to monitor DC
maturation. Numbers in each dot plot represent percentage of CD83 positive cells in total
MDDCs. Expression of CD83 on MDDCs treated with isotype immunoglobulin is similar to
that on MDDCs treated with medium. Increasing the concentration of blocking anti-human
TNF-α Ab up to 100 μg/mL did not further reduce the CD83 expression in all conditions
(data not shown). The results represent one of five experiments.
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Figure 5.
Effects of ALVAC recombinant vA3131-2 expressing human CD40L on apoptosis of DCs.
Immature MDDCs were infected or not (medium control) with either parental ALVAC II,
ALVAC recombinant vA3131-2 expressing human CD40L, or an HIV canarypox vaccine
vCP205 at an MOI of 10 at 37°C for 48 h. Infected cells were harvested and early apoptotic
marker caspase-3 was determined by intracellular staining and flow cytometry using FITC-
or PE-conjugated mAb against human caspase-3. (A) MDDCs were intracellularly stained
for caspase-3 expression to detect early apoptotic MDDCs. The level of caspase-3
expression (x axis) is shown for each of the conditions. Background staining with FITC-
conjugated isotype control Ab is shown by a solid gray histogram; medium-treated MDDCs
are shown by a histogram with a dotted line, MDDCs infected with vA3131-2 are
represented with a histogram with a dark line, and MDDCs infected with parental ALVAC
II are represented with a histogram with a light line. The results represent one of five
experiments from two HIV-1-uninfected and three HIV-1-infected donors. (B) Pooled data
from all participants are shown. Data shown are mean±SEM. **: P<0.01.
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Figure 6.
CD40L expressed by recombinant ALVAC virus enhances specific antiviral CTL activity.
CD4+ T cell-containing or -depleted PBMCs from four HIV-1-infected individuals and three
HIV-1-uninfected individuals were cocultured with autologous MDDCs that were either
pulsed or not with HLA-restricted epitopes of HIV-1 proteins (for HIV-1 infected
individuals) or EBV proteins (for HIV-1-uninfected individuals). MDDCs were previously
infected or not (medium) with parental ALVAC II or ALVAC recombinant vA3131-2
expressing human CD40L at an MOI of 10 for 48 h. On day 10, specific CTL activity was
assessed by intracellular flow cytometric analysis of IFN-γproducing CD8+ T cells and 51Cr
release assay. (A) Representative intracellular IFN-γ flow cytometric data obtained from
HIV-1-positive participant #1. (B) Summary data from intracellular IFN-γ flow cytometry of
HIV-1-positive participant #2–#4 are graphically depicted. Open bars represent CD4+ T
cell-containing condition and dark bar represent CD4+ T cell -depleted conditions. (C) A
representative 51Cr release assay result from HIV-1-positive participant #1 is shown. Similar
results were obtained with HIV-1-positive participant #2 (data not shown). (D) Summary
data from intracellular IFN-γ flow cytometric analysis of EBV-positive participant #5–#7
are graphically depicted. Open bars represent CD4+ T cell -containing condition and dark
bars represent CD4+ T cell -depleted conditions. (E) A representative 51Cr release assay
result from EBV-positive participant #6 is shown. Similar results were obtained with EBV-
positive participant #5 (data not shown). DC, MDDCs not pulsed with peptide; DCp,
MDDCs pulsed with peptide; vA3131-2/DCp, vA3131-2-infected MDDCs pulsed with
peptide; ALVAC/DCp, parental ALVAC II-infected MDDCs pulsed with peptide.
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