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Abstract
An optimally effective AIDS vaccine would likely require the induction of both neutralizing antibody
and cell-mediated immune responses, which has proven difficult to obtain in previous clinical trials.
Here we report the induction of Human Immunodeficiency Virus Type-1 (HIV-1)-specific immune
responses in healthy adult volunteers that received the multi-gene, polyvalent, DNA prime-protein
boost HIV-1 vaccine formulation, DP6−001 in a Phase I clinical trial conducted in healthy adult
volunteers of both genders. Robust cross-subtype HIV-1-specific T cell responses were detected in
IFNγ ELISPOT assays. Furthermore, we detected high titer serum antibody responses that recognized
a wide range of primary HIV-1 Env antigens and also neutralized pseudotyped viruses that express
the primary Env antigens from multiple HIV-1 subtypes. These findings demonstrate that the DNA
prime-protein boost approach is an effective immunization method to elicit both humoral and cell-
mediated immune responses in humans, and that a polyvalent Env formulation could generate broad
immune responses against HIV-1 viruses with diverse genetic backgrounds.
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1. Introduction
Development of an effective HIV vaccine is critical to control the worldwide AIDS pandemic,
which has caused 25 million deaths in the last 25 years and is the cause for more than 40 million
people living with HIV/AIDS today [1]. Early efforts in HIV vaccine development focused on
the induction of humoral responses by using recombinant Env glycoproteins [2-5]. The
immunogenicity of recombinant Env protein-based vaccines was poor in humans, as shown
by overall low-level binding antibodies measured by solid phase assays [6] and by the narrow
spectrum of neutralizing activities mainly against T-cell line adapted (TCLA) viral isolates
[7-9]. Ultimately, recombinant protein-based HIV-1 vaccines failed to show protection
efficacy in Phase III clinical trials [10,11]. In contrast, recent progress with gene-based
vaccination approaches, which have used either DNA or viral vectors as delivery systems, have
been effective in eliciting cell-mediated immune (CMI) responses in early phase human
studies. However, these studies either did not put forth an effort to elicit protective antibody
responses [12,13] or were not effective, when used alone, in eliciting neutralizing antibodies
(NAbs) against even relatively sensitive viral isolates [14,15].

Recently, we demonstrated that a DNA prime-protein boost immunization strategy was
effective in eliciting humoral and CMI responses in both small animals and non-human
primates, including sterilizing immunity in a non-pathogenic SHIV model [16-18]. Our
preclinical study results also indicated that this combination vaccination approach, but not
recombinant protein alone, was effective in eliciting NAbs against primary HIV isolates [19],
a finding that has been confirmed subsequently by other independent studies [20-26].
Furthermore, when polyvalent primary Env antigen formulations were used, the DNA prime-
protein boost approach was more effective than the monovalent primary Env antigen in eliciting
rabbit NAbs against a wide range of selected primary viral isolates across subtypes A, B, C, D
and E [27]. In the current study, a multi-gene, polyvalent DNA prime-protein boost HIV-1
vaccine was formulated based on the above preclinical study findings, and its immunogenicity
was tested in healthy adults in a Phase I clinical trial. These results demonstrate that this
formulation was able to induce balanced cell-mediated and antibody immune responses against
HIV-1 antigens, including low but positive neutralizing activities against selected primary
HIV-1 isolates across different subtypes.

2. Materials and methods
2.1. Multi-gene, polyvalent, DNA prime-protein boost formulation DP6−001

2.1.a. DNA vaccines—The DP6−001 vaccine contains equal amounts of six individual DNA
plasmid components utilizing the same vector pSW3891 [17]: five plasmids each encoding a
codon-optimized gp120 gene sequence from the following primary HIV-1 Envelope proteins:
subtypes A (92UG037.8), B (92US715.6 and Bal), C (96ZM651) and E (93TH976.17) and the
sixth plasmid encoding a codon-optimized gag gene from subtype C (96ZM651) as previously
described [28]. The cGMP plasmid DNA for this Phase I clinical trial was produced by Althea
Technology (San Diego, CA). The 6 DNA plasmids used in the DP6−001 vaccine formulation
was supplied in saline at a final concentration of 3 mg/ml (0.5 mg/ml/each DNA plasmid).

2.1.b. Protein Vaccines—The recombinant Env protein vaccine components included in
the DP6−001 formulation contain equal amounts of five gp120 proteins matching that used in
DNA prime components and were produced in CHO cell lines by Advanced BioScience
Laboratories (ABL, Kensington, MD) using GMP compliance as previously described [28].
The final protein vaccine product was supplied in saline and re-formulated at the time of
injection with 50μg of QS-21 adjuvant (Antigenics Inc., Woburn, MA) and 30 mg of excipient
cyclodextrin (Cargill Cerestar USA Inc., Hammond, IN), to reach a final concentration of 0.375
mg/ml of five gp120 proteins (0.075 mg/ml/each protein) [28].
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2.2. Plasma, sera and antibodies
The HIV human hyperimmune immunoglobulin (HIVIG), HIV positive patient plasma
91BU003 (infected with a clade C virus) and 93BR029 (infected with a clade B virus) were
received from NIH AIDS Research & Reference Reagent Program. Pooled HIV-1 patient sera
(infected with clade B viruses) were received from Center for AIDS Researches at UMass
Medical School. Normal human sera were purchased from Sigma-Aldrich (St. Louis, MO).

2.3. Phase I clinical study design and sample collection
2.3.a. Participants—Healthy HIV-1-negative adult volunteers aged 18−50 years of both
genders were screened. The individuals enrolled in this Phase I trial had no history of chronic,
allergic and immunodeficient illnesses, organ transplantions or psychiatric disorder, were
negative in Hepatitis B and C viral tests and a pregnancy test for all female subjects was
negative. All subjects were recruited at the single clinical trial site at the University of
Massachusetts Medical School (UMMS), Worcester, MA according to IRB approved study
protocol.

2.3.b. Study design and immunization schedule—This open-label Phase I trial
involved 2 dose levels of DNA prime and a single dose level of protein boost. The study design
and numbers of volunteers included in the current analysis are provided in Table 1. Volunteers
were randomly assigned to either Group A or B (1.2 mg of DNA at each immunization) at first
and enrollment to Group C was started only after the safety review on Group A and B volunteers
who have received the second protein boost. DNA vaccine was administrated by intradermal
(ID) injection at 4 sites (0.3 mg in 0.1 ml per site) in Group A and by intramuscular (IM)
injection at 2 sites (0.6 mg in 0.2 ml per site) in Group B. Group C received a 6-fold higher
dose of the DNA vaccine (7.2 mg at each immunization) via IM injection at 2 sites (3.6 mg in
1.2 ml per site). Each volunteer received three priming vaccinations of DNA vaccines at Study
Weeks 0, 4, and 12 and two booster immunizations of protein vaccinations via single site IM
injection at Study Weeks 20 and 28 (Table 1). The adjuvant QS-21 and excipient cyclodextrin
were mixed with the five gp120 proteins in a total volume of 1 ml at the time of injection.

Serum and PBMC samples were collected at Study Weeks 0, 2, 4, 6, 12, 14, 16, 20, 22, 24, 28,
30, 32, 36 and 52 to measure antibody and CMI responses. All volunteers were recruited and
enrolled in the Clinical Vaccine Research Unit, UMMS. For the current immunogenicity report,
samples from the following 27 volunteers are included: Group A (n=10) and Group B (n=11)
volunteers who completed the entire 3 DNA and 2 protein immunizations and Group C
volunteers (n=6) who received the 3 DNA and 1 protein immunization (Table 1).

2.4. ELISPOT
The interferon (IFN)-γ ELISPOT assay for HIV-1 peptide-specific T cells used the human IFN-
γ ELISPOT kit from Mabtech (Cat # 3420−2) (Cincinnati, OH) with Millipore (Billerica, MA)
ELISPOT plates, MSIPS4W10. The assay was performed according to manufacturers'
directions with the minor modifications that monoclonal antibody, 1-D1K, was diluted to
5μg/ml and biotinylated monoclonal antibody, 7-B6−1, was diluted to 2ug/ml. The ELISPOT
assay was performed using pools of peptides covering gp120 of HIV-1 92UG037.8 (Env-A),
92US715.6 (Env-B), 96ZM651 (Env-C) and 93TH976.17 (Env-E) or Gag of 96ZM651 that
are present in the vaccine formulation. These peptides, 20-mer in length and overlapping by
10 amino acids, were produced in the UMMS Peptide Core Facility. Each peptide pool
consisted of 5 to 7 peptides with a final concentration of 2 ug/ml per peptide. Plates were
developed using the Vector Nova Red Kit (SK-4800, Vector labs, Burlingame, CA).

Cryopreserved PBMCs were thawed, washed and diluted to 2×105 / well in RPMI 10 (10%
fetal bovine serum, 2 mM L-glutamine, 50ug/ml streptomycin and 50 U/ml penicillin). Wells

Wang et al. Page 3

Vaccine. Author manuscript; available in PMC 2009 February 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



containing media alone served as a negative control and wells containing 1 μg/ml
phytohemagglutinin (PHA) served as a positive control. A CEF peptide pool containing defined
epitopes of cytomegalovirus, Epstein-Barr virus and influenza A virus was used as a peptide
positive control [30]. PBMC from HIV-1-infected donors and healthy control donors (with a
known positive response to the CEF peptide pool) were included in each assay to assess
reproducibility. Selected samples were repeated to test inter-assay variation. The final IFNγ
ELISPOT responses against Env or Gag peptides of each individual antigen were calculated
as the cumulative response across non-overlapping peptide pools. Spots were counted and
analyzed on a CTL immunospot 3 reader and recorded as the mean spot-forming cells (SFC)
per million PBMCs of replicate or triplicate wells. The final numbers of peptide-specific SFC
were obtained by subtracting the background spots in medium control wells. The cut-off for
positive responses was determined as at least 10 peptide-specific SFC per million PBMCs.

2.5. ELISA
Enzyme-linked immunosorbent assay (ELISA) was used to detect the gp120-specific IgG
responses. The gp120 antigens used in the ELISA assays were 5 proportionally pre-mixed
gp120 antigens included in the DP6−001 formulation produced in CHO cells with a purity of
>99% based on size exclusion HPLC. Microtiter plates were coated with the 5 mixed gp120
antigens at 100ng/well (20ng/antigen) in PBS (100μL) at 4°C for 1 hour; plates were then
washed and blocked in 200μL blocking buffer (PBS, 0.5% Tween-20, 5% NGS, 5% non-fat
dry milk) overnight at 4°C. On the following day, serum dilutions were prepared in Dilsim II
(BioMerieux, Durham, NC) and incubated on the plates (100μL/well) for 1 hour at room
temperature. Biotinylated goat anti-human IgG (Vector Laboratories, CA) was diluted to
1:5000 in Dilsim II and then incubated on the plates (100μL/well) for 1 hour at room
temperature. Horseradish peroxidase-streptavidin (Vector Laboratories, CA) diluted to
1:10000 in Dilsim II was added (100μL/well) to the plates and incubated for 1 hour at room
temperature. Between steps, the plates were washed 5 times with 1× PBS-0.1% Triton X-100.
The assays were developed with 3, 3’, 5, 5’-tetramethylbenzidine (TMB) substrate (Sigma, St.
Louis, MO) and stopped with sulfuric acid after 3 minutes. Assays were read immediately at
450 and 630 nanometers using the Opsys MR Microplate Reader (Dynex Technologies,
Chantilly, VA). The gp120-specific antibody titer was determined as the highest serum dilution
which achieved 2 fold higher OD value than the pre-bleed control for each subject.

2.6. Western blot
The individual gp120 antigens used in the Western blot analysis were obtained from different
sources: A, B, Bal, C, E and 92BR025.9 from ABL as the same reagents used for ELISA; JR-
FL, ADA, SF162, CN54 and CM235 from NIH AIDS Reagent Program; CA1 and UG21−9
from NIH/NIAID; 92UG021, 93BR020.17 and 92UG975.10 produced from 293T cells at
UMMS. Individual gp120 antigens (100ng/lane) were subjected to SDS-PAGE and blotted
onto PVDF membrane, as previous described [27]. Blocking of PVDF membrane was done
with 0.1% I-Block (Tropix, Bedford, MA). The membranes were incubated with sera at 1:100
dilution for 45 min and subsequently reacted with AP-conjugated goat anti-human IgG (Tropix,
Bedford, MA) at 1:5000 dilution for 30 min. Membranes were washed with blocking buffer
after each step. Western-light substrate was then applied to the membranes for 5 min. Once
the membranes were dried, X-ray films were exposed to the membrane and developed by a
Kodak processor. Individual HIV+ patient sera or purified HIV+ immunoglobulin (HIV-IG)
were used as controls.

2.7. Neutralizing antibody assays
One virus neutralization assay was based on reductions in luciferase (Luc) reporter gene
expression after a single round of virus infection with pseudotyped HIV-1 viruses in TZM-bl
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cells, as previously described [31]. Neutralizing antibody levels in the human sera from DP6
−001 vaccines and normal control donors were measured against 2 panels of pseudotyped
HIV-1 viruses expressing primary Envs antigens. There were 6 pseudotyped HIV-1 viruses in
the first panel (Tier-1) including MN and five homologous to the Env immunogens included
in the DP6−001 formulation. There were 12 viruses in the second panel (Tier 2), 4 each from
subtypes B (QH0692042, SC422661.8; PVO.4 and AC10.0.29), A (Q23.17, Q168.A2,
Q461.E2 and Q769.D22), and C (Du123.6, Du151.2, Du156.12 and Du172.17) [32,33]. In this
assay, 200 TCID50 of virus was incubated with diluted serum samples in triplicate in a total
volume of 150μl for 1 h at 37 °C in 96-well flat-bottom culture plates. Freshly trypsinized cells
(10,000 cells in 100μl of growth medium containing 75μg/ml DEAE dextram) were added to
each well. One set of control wells received cells plus virus (virus control) and another set
received cells only (background control). After 48 h incubation, 100μl of cells was transferred
to a 96-well black solid plate (Costar) for measurements of luminescence using Bright Glo
substrate solution, as described by the supplier (Promega). The percent neutralization was
calculated by comparing experimental wells to virus control wells. Neutralization titer was the
dilution at which RLUs were reduced by 50% compared to virus control wells after subtraction
of background RLUs using prebleed sera.

The second neutralization assay (PhenoSense Assay) used recombinant viruses pseudotyped
with the virus envelope proteins and a firefly luciferase indicator gene [34]. The pseudoviruses
were incubated for 18 h at 37 °C with serial 3-fold dilutions of heat-inactivated human sera.
U87 cells that express CD4 plus the CCR5 and CXCR4 co-receptors were inoculated with
virus dilutions in the absence of added cations. Virus infectivity was determined 3 days later
by measuring the amount of luciferase activity expressed in infected cells. Neutralizing activity
was calculated as the percent inhibition of viral replication (luciferase activity) at each antibody
dilution compared with an antibody-negative control: % inhibition = {1 – [luciferase + Ab/
luciferase – Ab]} × 100. Titers were presented as the reciprocal of the plasma dilution
conferring 50% inhibition (IC50) [34]. The specificity control was composed of a virus
pseudotyped with an aMuLV envelope. An HIV-serum combination was considered to have
positive neutralization if the inhibition of HIV was at least 50% and >3X higher IC50 than the
same plasmas tested with aMuLV while the prebleed was not scored positive. The starting sera
dilution used in the neutralization assays was 1:20.

2.8. Statistical analysis
Wilcoxon rank sum test was used to analyze the differences of HIV-1 antigen-specific T cell
ELISPOT and antibody responses between vaccination groups. Student T test was used to
analyze the difference of T cell ELISPOT results between low and high dose DNA prime
(Groups A/B vs. Group C).

3. RESULTS
3.1. Design of the Phase I clinical trial in healthy adult volunteers

The multi-gene, polyvalent primary Env DNA prime-protein boost HIV vaccine, DP6−001,
included 6 DNA plasmids (one expressing a subtype C full length Gag antigen and the other
five each expressing one of the 5 primary gp120 antigens from subtypes A, B, C or E) as the
prime and 5 recombinant gp120 proteins matching the Env DNA prime as the boost (Table 1).
The study was a 3-group trial that tested two dosing levels of DNA administered either
intradermally (ID) or intramuscularly (IM) and one standard dose of protein with adjuvant
QS-21 administered IM (Table 1). Groups A and B received three DNA immunizations, either
ID or IM, respectively, with 1.2 mg total DNA at each immunization, equally divided among
one Gag and five gp120 DNA plasmids. For Group C, a higher dose of DNA prime with 7.2mg
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total DNA was administered IM at each immunization. Protein boosts contained a fixed dose
of five recombinant gp120 proteins delivered twice with adjuvant QS-21.

Overall the DP6−001 vaccine was well tolerated and the most frequent adverse events were
skin reactions. A higher reactogenicity, in the form of transient low grade fever and one case
of lower extremity leukocytoclastic vasculitis (LCV), a skin form vasculitis with unknown
etiology, which was resolved shortly without specific treatment, was observed in the high dose
DNA prime group (Group C) after receiving a protein boost. Due to such reactogenicity, the
clinical trial was terminated early and only 6 subjects in Group C received one protein boost.
Detailed information on the safety and reactogenicity of this clinical trial is summarized in a
separate report [29]. The current report focuses on the immunogenicity results in volunteers
received DP6−001.

3.2. Cross-subtype HIV-1-specific cell-mediated immune (CMI) responses
CMI responses to two primary Env (Env-A and Env-B) antigens and one Gag antigen were
first analyzed by an IFNγ ELISPOT assay. Positive CMI responses against pooled Env peptides
were observed at the end of the three DNA prime immunizations for both low-dose DNA
priming groups (Groups A and B) but the levels of CMI responses were low (Fig. 1-A). The
high-dose DNA priming group (Group C) was able to induce a significantly higher CMI
response at the end of DNA prime when compared to Groups A and B (p<0.01 for CMI
responses against both Env-A and Env-B antigens).

Levels of Env-specific CMI were further boosted by each of the two subsequent protein
immunizations and maintained at relatively high levels even at the end of trial (24 weeks from
the last protein immunization). Higher CMI responses to Env-A and Env-B antigens were
observed in Group C volunteers when compared to Groups A (p<0.05) and B (p<0.05), showing
the response of a 6-fold higher doses of the DNA vaccines during priming immunizations (Fig.
1-A).

Also, while CMI responses to Gag peptides were poor in Groups A and B, these responses
increased substantially in Group C (p<0.05 compared with either Groups A or B) (Fig. 1-A
and Table 2). The Gag-specific CMI response declined more than 5-fold from its peak level at
the end of DNA prime immunization to barely positive responses by 52 weeks while the Env-
specific CMI declined only 2- to 3-fold from peak levels (Table 2). It is not clear whether such
a difference was due to the fact that only an Env protein was used as the boost.

Overall, 90−100% of the volunteers had positive Env-specific IFNγ ELISPOT responses
against both Env-A and Env-B peptides after two protein boosts in low-dose Groups A and B,
and 100% had positive responses by the end of DNA priming in high-dose Group C (Table 2).
At Week 52, greater than 80% of the volunteers still had positive Env-specific CMI responses.
In contrast, although 100% of volunteers in Group C had positive Gag-specific IFNγ ELISPOT
with DNA prime alone, the percentage of responders decreased to about 50% by Week 52
(Table 2).

Additional IFNγ ELISPOT analyses using peptides from the subtypes C and E Env antigens
included in DP6−001 were conducted with samples from 6 randomly selected volunteers from
each group. Env-C- and Env-E-specific CMI responses were detected in all three groups but
higher peak levels of positive CMI responses at the end of DNA prime were observed in Group
C when compared to Groups A or B (Fig. 1-B). Flow cytometry assays further demonstrated
that the HIV-1-specific IFNγ responses observed in this study were mediated predominantly
by CD4+ T cells. HIV-1-specific CD8+ T cell responses were also detected but at a lower
frequency. Detailed flow cytometry results will be summarized in a separate report [35].
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3.3. Broadly reactive antibody responses against a wide range of primary HIV-1 Env antigens
High titer HIV-1 Env-specific antibody responses were generated with the DNA prime-protein
boost DP6−001 formulation (Fig. 2-A). For Groups A and B, most volunteers did not have
detectable Env-specific antibody responses at the end of three DNA prime immunizations, as
expected at such a low dose of DNA [14,36]. However, the antibody titers rose quickly after
just one protein boost. The anti-gp120 IgG titers reached 1:105 or higher with 1 or 2 protein
boosts, levels that are comparable to those observed in chronically infected HIV patients (Fig.
2-A). The majority of volunteers maintained significant serum anti-gp120 IgG titers at the end
of trial. Four out of six volunteers (66.7%) in Group C showed detectable Env-specific IgG
responses even before protein boosting (Fig. 2-A and Table 2). The gp120 antigens used in the
ELISA assay were the same GMP lot proteins produced from CHO cells used for DP6−001
formulation. The specificity of antibody responses were further confirmed by another ELISA
against Env antigens produced from a different cell line 293T cells (data not shown) and
Western blot analysis (see below).

Western blot analysis indicated that antibodies elicited by the polyvalent Env formulation DP6
−001 were broadly cross-reactive against diverse primary HIV-1 Env antigens (Fig. 2-B). Sera
from all 27 volunteers included in this report recognized all of the five homologous primary
gp120 antigens included in DP6−001 after 1 or 2 protein boosts, as shown by two representative
volunteer sera from Groups A (#022) and B (#023). Neither randomly selected individual HIV
+ patient serum nor pooled HIV-1 positive human immunoglobulin (HIV-IG) from patients
infected with subtype B viruses could recognize more than 2 or 3 primary gp120 antigens (Fig.
2-B). Additional Western blot analysis confirmed reactivity of immunized volunteer sera
against a wide range of 11 heterologous primary HIV-1 gp120 antigens from subtypes A to G.
One representative sample blot with volunteer #013 sera is shown in Fig. 2-C. Two control
individual HIV+ patient sera could only recognize a small fraction of these primary gp120
antigens.

3.4. Neutralizing antibody activities of DP6−001 vaccinated human sera
Three studies were organized to assess the neutralizing antibody (NAb) activities in DP6−001
vaccinee sera. The first study analyzed the ability of these sera to neutralize the Tier 1 viruses:
a TCLA HIV-1 virus (MN) and five pseudotyped viruses each expressing one of the five
homologous primary Env antigens included in DP6−001 (Table 3 and Fig. 3-A). Positive
neutralizing activities against MN were seen in 100% of Groups A and B vaccinee sera at the
peak antibody level (after the 2nd protein boost). The percentage of positive NAb responses
against different homologous pseudotyped viruses varied: 71% neutralized Bal (subtype B),
62% neutralized 96ZM652 (subtype C), 38% neutralized 93TH976 (subtype E), 28%
neutralized 92UG037 (subtype A), and less than 9% neutralized 92US715 (subtype B). None
of the 7 control human serum samples had positive neutralizing activity against the above
viruses (Table 3). More than 50% of the vaccinees had NAb titers greater than 1:100 against
MN. The titers of NAbs against other homologous pseudotyped viruses were between 1:20 to
1:100 for vaccinee sera with positive NAb activities (Fig. 3-A). Group C showed a higher
percentage of individual positive NAb sera after only one protein boost when compared to
corresponding sera from Groups A and B. One vaccinee (16.67%) in Group C even had positive
NAb activities against MN, Bal and 96ZM651 following only the DNA immunizations (Table
3).

The second neutralization study was done using a high-throughput, pseudotyped virus assay
system. Sera collected 2 weeks after the second protein boost (peak of anti-gp120 antibody
responses) were assayed against a panel of 11 heterologous primary viruses covering subtypes
A to E in addition to three sensitive viruses (MN, NL4−3 and SF162). Because Group C
volunteers did not complete two protein boost immunizations, only sera from Groups A and
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B volunteers are included in this study. High-titer NAb responses (up to 1:2147) were identified
in all human immune sera against the three sensitive viruses (Fig. 3-B). Using a NAb titer of
1:20 as the cut-off, more than 50% of vaccinees also showed positive neutralizing activities
against 8 pseudotyped viruses (92UG103 and 92RW020 of subtype A, 92BR020 and 92US715
of subtype B, 98CN006 and 93IN905 of subtype C, 92UG046 of subtype D and 92TH021 of
subtype E), while the three remaining pseudotyped viruses (JR-CSF of subtype B, 94UG114
of subtype D and CMU02 of subtype E) were more resistant to neutralization (Fig 3-C). The
overall patterns of NAb responses were similar between Group A and Group B. Two vaccinees
from Group A (#007 and #009) and two from Group B (#010 and #016) had NAb activities
against a majority of the pseudotyped viruses included in the analysis.

The third neutralization study was conducted to test the ability of DP6−001 vaccinee sera to
neutralize standardized panels of Tier 2 viruses. Viruses included in these panels are more
recently isolated (the “contemporary viruses”) from acute and early infections [32]. Although
neutralizing activity was clearly higher than the negative control sera, most volunteer sera
displayed viral inhibition of less than 50% at a serum dilution of 1:10 (Fig. 3-D).

4. DISCUSSION
Induction of anti-Env antibody responses in small animals was one of the first pieces of
evidence that established DNA immunization as a novel approach for vaccination [37].
Although significant progress has been made using DNA immunization to elicit HIV-1-specific
CMI in small animals, non-human primates and humans over the past 15 years [12-16,18,
38-41], there has been no report of using Env DNA immunization to elicit broadly cross-
reactive antibodies in humans. Levels of anti-Env antibodies elicited in previous DNA vaccine
clinical trials were either low or undetectable [42,43], nor was there a clear induction of NAbs
against even sensitive viruses [14]. In the current study, one Env protein immunization
following DNA prime was able to elicit human anti-Env antibody responses to a level that has
proven difficult to achieve in previous studies that employed multiple injections of recombinant
HIV-1 Env proteins [2,3,6]. Therefore, data from this study provides evidence that DNA
vaccination can effectively prime the induction of high-level anti-Env antibody responses in
humans.

In prior recombinant Env protein-based HIV vaccine studies, up to 2 Env antigens were
included in the vaccine formulation and as many as seven Env protein immunizations had to
be administered in order to achieve high antibody responses [44]. While the overall levels of
Env-specific antibodies were low and not broadly cross-reactive, their binding specificity was
measured against selected peptides of Env proteins rather than the primary Env antigens
themselves [4,45]. Our results clearly demonstrate the benefit of delivering polyvalent Env
antigens through the DNA prime-protein boost approach. Not only did we elicit Env-specific
antibody responses comparable to those seen in persons chronically infected with HIV-1, but
the immune sera were able to react with primary Env antigens from every HIV sub-type
included in the study. Furthermore, the antibody responses appeared to be long lasting, with
only a moderate decrease in titers at the end of the 52-week study period.

Given the importance of NAb responses in a prophylactic HIV vaccine and the complexity of
measuring such responses, three neutralization studies were conducted, each with a slightly
different approach and each using different panels of HIV viruses, to provide a more complete
picture of the spectrum of neutralizing activities contained in the immune sera. The DP6−001
formulation elicited neutralizing activities against the sensitive viruses (TCLA and SF-162)
that were comparable to or better than those elicited by recombinant gp120 alone [31], and
clearly much better than a recently reported DNA vaccine alone approach which did not show
neutralizing antibody activities [14]. In current studies, neutralization activity, against
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pseudoviruses expressing the homologous or randomly selected primary Env antigens, was
detected in most of the post-immunization sera against approximately half of the viruses tested,
independent of subtype. Not all homologous Env viruses showed high sensitivity to
neutralization by post-immunization sera, which was not surprising given previous reports
showing that infected HIV patient sera did not always have a high neutralizing activity against
autologous viruses [46,47].

The neutralizing activities against the standard panel of Tier 2 HIV-1 viruses were low in the
current study, even at low serum dilutions. While it is unclear whether this panel represents
more resistant viruses than the viruses included in the other two neutralization assays, it is
possible that the difference reflects the inclusion of more contemporary viral isolates in the
Tier 2 panel while Env antigens included in the DP6−001 formulation were cloned from patient
samples collected around or before the early 1990s. While the current DP6−001 formulation,
as a proof of concept study, may not have the optimal profile to move to more advanced clinical
trials, the results included in this report clearly indicate that the use of a polyvalent, DNA prime-
protein boost approach is feasible in order to elicit human neutralizing activities against a wide
range of HIV-1 isolates. Future studies should test whether modified formulations including
contemporary Env antigens can improve neutralizing activities against Tier 2 viruses.

Recently published studies with optimized DNA or other gene-based HIV vaccines elicited
robust CMI responses [14,15]. One key question asked in the current trial was whether robust
CMI responses would be maintained when DNA immunization was used in conjunction with
a protein boost component. The levels of Env-specific CMI responses elicited after three DNA
immunizations in this study were similar to those previously reported [12,14,15]. One new
finding from the current study is that the Env protein boost further increased the magnitude of
Env-specific CMI responses when compared to the Gag-specific CMI, for which there was no
protein boost. The Env-specific CMI responses were cross-reactive against at least 4 different
primary Env antigens that were included in this study. In further support for the presence of
HIV-1-specific CMI responses in DP6−001 vaccinees, a subset of volunteers developed DTH-
like skin reactions at the sites of DNA immunization after receiving an Env protein boost at a
distant inoculation [29].

We also detected a robust Gag-specific CMI response in Group C volunteers, which was higher
than observed by others [14,15]. Given the 1:5 ratio of Gag to Env DNA vaccines in DP6−001,
the actual dose of Gag DNA vaccine was 1.2 mg in Group C. It suggested that the minimum
immunogenic dose for naked DNA vaccines would be at least 1 mg with the current design of
DNA vaccines. There is a clear dose response relationship for both Env and Gag DNA vaccines.
Due to the small sample size in the current study, future trials should study the boost effect of
proteins on CMI responses. Furthermore, this study also shows that the ID route of
administration was not more effective than IM in eliciting an immune response by DNA
vaccines.

In summary, results from this first report of a human study with DNA prime-protein boost
HIV-1 vaccine confirms the immunogenicity of this novel approach in eliciting balanced
humoral and cell-mediated immune responses in a healthy adult population. These results are
significant in that they confirm initial observations on the immunogenicity of DNA vaccines
in animal models [37,48-50]. The DNA prime-protein boost approach will not only accelerate
the testing of more candidate HIV vaccines that aim to achieve improved neutralizing antibody
responses, but will also provide a new platform for the development of future vaccines against
a wide range of existing or emerging pathogens. Future studies should include in-depth analysis
on the structural basis for both antibody and CMI cross reactivities observed in the current
report. The composition of Env antigens should be further optimized to identify a polyvalent
formulation that may expand the breadth of neutralizing activities against viruses that were
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resistant to immune sera elicited by DP6−001. The immunization schedule including the use
of adjuvant should be also optimized to reduce the reactogenicity of DP6−001 before moving
this DNA prime and protein boost approach to more advanced human studies.
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Figure 1.
DP6−001 formulation induced HIV-1 specific cell-mediated immune responses in volunteers'
PBMC. (a) Group averages of Env- and Gag-specific IFNγ ELISPOT responses at different
time points following DNA or protein immunizations (see Table 2 for standard error and
percentage of responders). The solid arrows indicate DNA immunizations and the open arrows
indicate protein immunizations. Pools of overlapping peptides from either gp120 antigens of
subtype A isolate 92UG037.8 (Env-A) and subtype B isolate 92US715.6 (Env-B) or Gag
antigen of subtype C isolate 96ZM651 (Gag) were used for the assay. (b) HIV-1-specific
IFNγ ELISPOT responses were detected at 2 weeks after either the 3rd DNA immunization
(DNA-3), the 1st or 2nd protein boosts (Prot-1 and Prot-2), or at Week 52 (Closeout) against
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pools overlapping peptides from gp120 antigens of subtype C isolate 96ZM651 (Env-C) and
subtype E isolate 93TH976.17 (Env-E). Results are shown as responses from each of six
randomly selected volunteers in each group as well as the group average (short horizontal bars).
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Figure 2.
DP6−001 formulation induced HIV-1 gp120-specific antibody responses in volunteers' sera.
(a) Titers of serum gp120-specific IgG were measured by ELISA in individual volunteers of
different study groups. Each curve represents one volunteer. The solid arrows indicate DNA
immunizations and the open arrows indicate protein immunizations. The dotted line denotes
the average titer of gp120-specific IgG in sera of three patients chronically infected with HIV-1
(titer range: 1:102,400 to 1:204,800). (b) Reactivity of two DP6−001 immune sera (#022 of
Group A and #023 of Group B at 1:100 dilution) at different time points of immunization
against five autologous primary HIV-1 gp120 glycoproteins as measured by Western blot
analysis. Normal human sera and HIV-1 positive patient sera, both at 1:100 dilution, or HIV-1
positive immunoglobulin (HIV-IG) (at 0.5 mg/ml total human IgG) were included as controls.
(c) Cross reactivity of sera from one representative DP6−001 immune serum #003 (Group B)
against a panel of heterologous primary HIV-1 gp120 glycoproteins by Western blot analysis.
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Two individual HIV+ patient sera (91BU003 and 93BR029) were included as the controls.
Serum dilution of 1:100 was used for both DP6−001 and HIV+ patient sera.
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Figure 3.
Neutralizing antibody (NAb) responses against different panels of pseudotyped viruses. (a)
NAb titers against Tier 1/autologous viruses including a T-cell line adapted (TCLA) HIV-1
virus (MN) and five pseudotyped viruses each expressing one of the five autologous primary
Env antigens included in the DP6−001 formulation. The neutralization assays were done in
TZM-bl cells and the NAb titers were measured using individual volunteer sera from Groups
A and B (N = 21) at 2 weeks after the 2nd protein boost. (b)-(c) NAb titers determined by
PhenoSense™ assay in U87 cells with sera from Groups A and B at two weeks after the 2nd
protein boost against pseudotyped viruses expressing either (b) three relatively sensitive to
neutralization Env antigens of subtype B (MN, NL4−3 and SF162) or (c) eleven additional
primary Env antigens of subtypes A, B, C, D and E. A serum dilution of 1:20 was used as the
cut-off to score the positive NAb (shown as the broken line in each graph). (d) NAb responses
against Tier 2 pseudotyped viruses expressing primary Env from subtypes A, B and C (4 viruses
for each subtype). Individual subject sera from Groups A and B were collected at two weeks
post the 2nd protein boost. The percent neutralization was measured at 1:10 serum dilution.
The neutralization assays were done in TZM-bl cells.
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