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bstract

DNA plasmids and recombinant adenovirus serotype-5 (rAd5) vectors are being studied in human clinical trials as HIV-1 vaccine candidates.
ach elicits robust T-cell responses and modest antibody levels. Since protein immunization alone elicits antibody but not CD8 T-cell responses,
e studied protein boosting of DNA and rAd5 HIV-1 vaccine vectors. A single Env protein immunization provided a marked boost in antibody

iter in guinea pigs primed with either DNA or rAd5 vaccines, and the resulting antibody binding and neutralization levels were similar to

hose attained after thee sequential protein immunizations. Since both T-cell immunity and neutralizing antibodies are thought to be required
or protection against HIV-1, it may be possible to establish a balanced T-cell and antibody response with appropriate vectored vaccines and
mprove the neutralizing antibody titer with protein boosting.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

The continued spread of the human immunodeficiency
irus type 1 (HIV-1) worldwide highlights the need for an
ffective vaccine. Based on studies of HIV-1 infection in
umans, and SIV infection of macaques, it is believed that
D8 T-cells play an important role in control of viral repli-
ation [1]. It is hoped that vaccine elicited T-cell responses
ill be able to limit viral replication and prevent HIV-1 asso-

iated disease progression in those individuals who become
nfected. However, antibodies may be required to prevent the
cquisition of HIV-1 infection. Neutralizing antibodies can
lock viral entry into human T-cells in vitro and can protect
on-human primates from a chimeric simian-human immun-

deficiency virus (SHIV) infection [2,3]. Thus, a major goal
s to develop an HIV-1 vaccine strategy that will generate
oth cellular immunity and high titers of virus neutralizing
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ntibodies. Serial immunization with HIV-1 envelope (Env)
rotein immunogens can result in high antibody levels, but
ittle or no CD8 T-cell responses [4–9]. One approach to gen-
rating both cellular immunity and neutralizing antibodies
s to initiate immunization with a gene based vector that is
nown to elicit CD4 and CD8 responses, and boost with a
rotein immunogen.

Current gene-based immunogens, such as plasmid DNA
nd rAd5, have been widely studied in animal models
10–15], and have entered phase I and II human testing
16–19]. In addition, numerous groups have utilized vec-
or prime, protein boost regimens to improve the potency
r durability of the immune response to HIV or SIV anti-
ens [20–30]. In this study, we evaluated the ability of our
xisting clinical vaccine products, multi-gene plasmid DNA
nd rAd5, to prime for a booster immunization with a sol-

ble oligomeric Env protein. The plasmid DNA and rAd5
ectors used here were the same as those currently being
tudied in human trials [18,19]. The DNA product con-
ists of six individual plasmids. Three encode gp145 Env

mailto:jmascola@nih.gov
dx.doi.org/10.1016/j.vaccine.2006.10.046
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roteins (clade A–C); the remaining three encode Gag, Pol
nd Nef. The rAd5 product contains four separate rAd5 vec-
ors. Three encode gp140 versions of the same Env proteins
s above; a fourth encodes a Gag-Pol fusion protein. Data
rom non-human primate studies show that a series of three
NA immunizations, or a single rAd5 immunization, gen-

rates robust antigen specific CD4 and CD8 responses and
oderate antibody levels [31,32]. Recent phase I studies in

umans have confirmed these results [18,19]. Additionally,
he combination of DNA prime, rAd5 boost has been exten-
ively studied in small animals and non-human primates, and
esults in robust cellular immunity and high antibody levels
13,32–37]. However, we have not systematically studied the
bility of these DNA or rAd5 vaccine candidates to prime
or a protein boost. Thus, these studies focus on the anti-Env
esponse elicited by DNA or rAd5, and boosted with a soluble
nv protein.

A soluble oligomeric gp140 Env protein based on the
F162 strain, and containing a deletion of the second vari-
ble region (V2), has been studied in animal models and
s currently being tested in phase I human trials. Immu-
ization with the dV2gp140 protein generates high titer
ntibody levels including homologous neutralizing antibod-
es [6,38–41]. In addition, dV2gp140 elicits high antibody
iters in monkeys primed with a DNA plasmids encoding the
omologous env gene [42,43]. To further asses the poten-
ial for protein boosting of both DNA and rAd5, we for-

ulated the dV2gp140 Env protein with the MF59 adju-
ant alone, or with one of two different classes of a syn-
hetic oligodeoxynucleotide (ODN) containing unmethylated
eoxycytosine–doexyguanosine (CpG) motifs. GpG ODN
re Toll-like receptor 9 (TLR9) ligands that stimulate antigen
resenting dendritic cells (DC) [44]. Class A ODN stimulate
igh levels of INF� from plasmactyoid DC; B-class ODN
nduce strong B-cell and NK cell activation and the more
ecently discover C-class ODN appear have properties of
oth the A- and B-class ODN [45,46]. Since several ODN
djuvants are in phase I human testing, we evaluated if B
nd C-class ODN, when formulated with protein in the boost
hase of immunization, could augment the antibody response
licited by MF59 alone.

The guinea pig (GP) studies described here were designed
o evaluate anti-Env antibody responses elicited by combi-
ations of existing vaccine immunogens that have advanced
nto human clinical trails. Current HIV-1 DNA and rAd5
ectors are known to elicit robust T-cell responses in humans,
ut rather modest antibody levels. The soluble dV2gp140
rotein elicits high antibody levels, but not CD8 T-cell
esponses. Thus, in human trials, it might be possible to
stablish a CD4 and CD8 T-cell response with the appropri-
te vaccine vectors, and further boost the antibody response
ith an Env protein. In these GP studies, we observed that a
eries of three DNA immunizations, or a single rAd5 immu-
ization, produced moderate levels of anti-Env antibody,
nd effectively primed for boosting with soluble protein. A
ingle protein boost immunization resulted in high antibody

w
t
t
[

2007) 1398–1408 1399

evels and the induction of virus neutralizing antibodies. The
ddition of a B- or C-class ODN to the protein formulation
n the boost phase of immunization did not augment the anti-
ody response generated by MF59 alone. While current Env
ased immunogens do not readily generate broadly reactive
eutralizing antibodies, theses data suggest that DNA plus
rotein, or rAd5 plus protein, are valuable vaccine platforms
hat can be used to study the generation of HIV-1 anti-Env
ntibody responses. In addition, it may be possible to estab-
ish a T-cell response with appropriate vectored vaccines and
urther improve the neutralizing antibody titer with protein
oosting.

. Materials and methods

.1. Vaccine constructs

The plasmid DNA vaccine consisted of six individual
lasmids each encoding a single HIV-1 gene product. HIV-
clade B Gag, Pol, and Nef, and a clade A, B and C

p145 env, were each cloned into the expression vector
MV/R containing the human cytomegalovirus immediate
arly enhancer, promoter and intron region from HTLV-
[47]. The gene inserts were synthetic codon optimized

equences and have been described previously [48]. The
ag gene was derived from the clade B strain HXB2 (Gen-
ank accession number K03455), the pol gene from clade
strain NL4-3 (GenBank accession number M19921) and

he nef gene from the clade B strain PV22 (GenBank acces-
ion number K02083). The gp145 env gene inserts were
ontained the dCFI modifications as previously described
49]. The three env genes were derived from the clade A
train 92RW020 (CCR5-tropic, GenBank accession number
08794), the clade C strain 97Z012 (CCR5-tropic, Gen-
ank accession number AF286227) and the clade B strain
xB2 (X4-tropic, GenBank accession number K03455). To
roduce a CCR5-tropic version of the clade B envelope pro-
ein (R5gp160/h), amino acids 275 to 361 from X4gp160/h
VRC3300) was replaced with the corresponding region
rom the BaL strain of HIV-1 (Genbank accession number

68893). The rAd5 vaccine consisted of four replication
efective rAd5 vectors that utilized the same gene inserts
s the DNA plasmid vaccine, with modifications as noted
ere. One vector encoded a Gag-Pol fusion product as pre-
iously described [48]. Nef was not included in the rAd5
accine. The remaining three vectors encoded secreted gp140
ersions of the clade A, B and C Env described above. The
lade B Env vector contained deletions of the V1 and V2
oop region in order to improve the stability and yield of
he vector in the producer cell line. A control rAd5 vec-
or contained no gene insert. The Env protein (dV2gp140)

as a purified oligomeric gp140 derived from the CCR5

ropic strain SF162 and containing a 30 amino acid dele-
ion in V2 loop region as has been previously been described
6,39–41].
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.2. Immunogen preparation and vaccination

The DNA vaccine was formulated as equal parts of each
f the six plasmids in phosphate-buffered saline (PBS) and
as administered as a 500 �g dose by intramuscular injection
f 400 �l into one hind leg muscle using a needle-less bio-
ector device. The rAd5 vectors were formulated in PBS in
3:1:1:1 ratio of the Gag-Pol and three Env vectors, respec-

ively (i.e., half the formulation is the Gag-Pol vector and
he other half contains the three Env vectors). The total dose
er immunization was 1010 particle units delivered as 400 �l
nto one hind leg by needle and syringe. The SF162 protein
as formulated in PBS (and in some cases with the indi-

ated CpG ODN) and mixed with an equal volume of the oil
mulsion MF59 adjuvant prior to immunization. The protein
ose was 50 mcg per immunization delivered by needle and
yringe in a volume of 400 �l and administered as 200 �l
nto each hind leg muscle. When GpG ODN were included,
hey were formulated with protein (not with DNA or rAd5)
nd the dose was 100 mcg per animal. ODN-7909 and ODN-
395, a class B and C ODN, respectively, were purchased
rom Coley Pharmaceutical Group, Inc. (Ottowa, Canada).
ote that ODN-2006 has more recently been designated as
DN-7909 and in being studied in human trials [50]. Female
artley guinea pigs were housed and handled in accordance
ith guidelines set by the Association for the Assessment

nd Accreditation of Laboratory Animal Care. Blood was
ollected at the specified time points and isolated serum was
tored at −80 ◦C until use.

.3. Antibody binding assay

HIV-1 gp140-specific binding antibodies were quanti-
ed by a lectin capture enzyme-linked immunosorbent assay
ELISA) as previously described [48,51]. Briefly, 96-well
mmulon2 2HB ELISA plates were coated with 100 �l/well
f Galanthus Nivalis lectin (Sigma, St. Louis, MO) (10 �g/ml
n PBS) overnight at 4 ◦C and supernatant from 293T cells
ransfected with the BaL gp140 dCFI plasmid vaccine con-
truct was added to each well for 1 h at room temperature.
fter washing, serial dilution of guinea pig sera was added

nd anti-gp140 antibodies were detected with a biotin-labeled
econdary goat anti-guinea pig IgG, and Streptavidin conju-
ated with horseradish peroxidase, followed by development
ith TMB (3,5′,5,5′-tetra-methylbenzidine) substrate. Plates
ere read on a Spectramax microplate spectrophotometer

Molecular Devices; Sunnyvale, CA) and end-point titer was
alculated as the most dilute serum concentration that gave
n optical density reading of >0.2 after correction for back-
round or pre-immune sera.

.4. Virus neutralization assay
Single round of infection HIV-1 Env pseudoviruses were
repared by cotransfecting 293T cells with an Env expres-
ion plasmid containing a full gp160 env gene and an env-
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eficient HIV-1 backbone vector (pSG3�Env) as previously
escribed [52]. Virus-containing culture supernatants were
arvested 2 days after transfection, centrifuged and filtered
hrough 0.45-�m filter, and stored at −80 ◦C. A panel of 12
lade B HIV-1 Env pseudoviruses has recently been char-
cterized and recommended for use in assessing neutraliza-
ion by HIV-1 immune sera [52,53]. We used this panel
f Env-pseudoviruses to assess the neutralization activity
f the GP sera. In addition, several neutralization sensi-
ive Env-pseudoviruses were used. These included isolates
xB2, SF162, BaL.01 and SS1196.1. The Env expression
lasmid HxB2 was a gift from Dana Gabuzda (Dana Far-
er Cancer Institute) and SF162 was provided by Leonidas
tamatatos (Seattle Biomedical Research Institute). Env-
seudovirus SS1196.1 has been previously described [52].
dditionally, we isolated two functional Env clones from the
NA of peripheral blood mononuclear cells infected with

he primary isolate HIV-1 BaL that was obtained from the
IH AIDS Research and Reference Reagent Program. The
nv clones BaL.01 and BaL.26 differ by 16 amino acid
ositions in gp160 and have GenBank accession numbers
Q318210 and DQ318211, respectively. The BaL.01 pseu-
ovirus is closer to the original BaL GenBank sequence and
as used in this study.
Pseudovirus neutralization was measured as a function of

at-induced luciferase reporter gene expression after a single
ound of infection in TZM-bl cells as previously described
52,54]. TZM-bl cells were obtained from the NIH AIDS
esearch and Reference Reagent Program, as contributed by

ohn Kappes and Xiaoyun Wu. These cells express CD4,
XCR4 and CCR5 and contain an integrated reporter gene

or firefly luciferase under the control of an HIV-1 LTR. The
evel of viral infection was quantified by measurement of rel-
tive luciferase units (RLU) that are directly proportion to
he amount of virus inputs. Briefly, 40 �l of virus was incu-
ated for 30 min at 37 ◦C with serial dilutions of test serum
amples (10 �l) in duplicate wells of a 96-well flat bottom cul-
ure plate. The final serum dilution was defined at the point
f incubation with virus supernatant. 10,000 TZM-bl cells
ere then added to each well in a total volume of 20 �l and
lates were incubated overnight at 37 ◦C in a 5% CO2 incuba-
or. One set of eight wells received mock antibody followed
y virus and cells (controls wells for virus entry) and a set
f eight wells received cells with mock virus (to control for
uciferase background). Viral input was set at a multiplic-
ty of infection (moi) of approximately 0.1, which generally
esults in 100,000–40,000 RLU. After over night incubation,
50 �l of fresh medium was added to each well and incu-
ated for 24 h at 37 ◦C in a 5% CO2 incubator. To determine
LU, cell culture medium was aspirated from wells followed
y addition of 50 �l of cell lysis buffer (Promega, Madison,
I). 30 �l of cell lysate was transferred to wells of a black

ptiplate (Perkin–Elmer) for measurement of luminescence
sing a Perkin–Elmer Victor-light luminometer that injects
0 �l of luciferase substrate reagent to each well just prior to
eading RLU. To determine the serum inhibitory concentra-
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ion that resulted in a 50% reduction in RLU, serum dilution
eutralization curves were fit by non-linear regression using
four-parameter hill slope equation programmed into JMP

tatistical software (JMP 5.1, SAS Institute Inc., Cary, NC).
he results are reported as the serum neutralization IC50,
hich is the reciprocal of the serum dilution producing 50%
irus neutralization.

.5. Statistical analysis

Comparisons of end point ELISA titers or of IC50 neu-
ralization titers at a specified time point were performed
y Mann–Whitney or Wilcoxon signed-rank sum tests using
he statistical package within GraphPad Prism (V4.03)
oftware.

. Results

.1. Immunization protocol
This study was designed to test the effect of protein boost-
ng after priming immunizations with either DNA or rAd5.
n all cases, protein was formulated with the MF59 adjuvant.

g
0
e
M

ig. 1. Schema of the immunization protocol. Arrows indicate immunizations and
f 4 animals. The first three groups (12 GPs) received DNA prime followed by pro
he DNA groups received three i.m. inoculations of 500 �g of plasmid DNA and tw
lus one of two GpG ODN as shown. The rAd groups each received one i.m. inoc
rotein was again formulated with MF59, or with MF59 plus the ODN. The protein
, 19 and 30. Control group GPs were immunized with an empty rAd vector at wee
2007) 1398–1408 1401

ince an additional objective was to evaluate if CpG ODNs
ould augment the antibody response produced by the MF59
ormulation, we compared the MF59 adjuvant alone, to MF59
lus one of two ODNs (Fig. 1). Note that we were not using
he ODN during the primary DNA or rAd5 immunizations,
ut rather only during the protein boosting phase. Guinea
igs were divided into 4 main groups as shown in Fig. 1. (1)
NA prime + protein boost, (2) rAd5 prime + protein boost,

3) protein only immunization and (4) sham immunized con-
rols. DNA groups were immunized with 500 �g of plasmid
NA per guinea pig at weeks 0, 3 and 8. rAd5 immuniza-

ion groups received a single dose of 1010 PU per animal at
eek 0. The 12 animals in both the DNA and rAd5 groups
ere further divided into three groups of 4 animals for pro-

ein boosting. One group received SF162 dV2gp140 Env
rotein formulated with MF59 + sham ODN. The other two
roup received Env protein formulated with MF59 and either
DN 7909 or ODN 2395, respectively. All DNA and rAd
rimed guinea pigs were boosted with protein at weeks 19
nd 30. The comparator protein only group received SF162

p140 protein formulated with MF59 (no ODN) at weeks
, 3, 19 and 30. A sham immunization group received an
mpty rAd vector and sham protein (PBS) formulated with
F59.

circles show serum collections. Thirty-two GPs were divided into 8 groups
tein boost and the second three groups received rAd prime, protein boost.
o 50 �g protein boosts. Protein was formulated with MF59, or with MF59
ulation of 1010 PU of rAd and were boosted twice with 50 �g of protein.
only group received 50 �g i.m. protein formulated with MF59 at weeks 0,

k 0 and were boosted with PBS/MF59 at weeks 19 and 30.
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.2. Comparison of DNA and rAd prime, protein boost

The plasmid DNA and rAd vectors used in this study
ncoded clade A, B and C Envs. The clade B Env is based
n the strain HxB2, but includes 86 amino acids from the
3 region of the BaL strain. Thus, the chimeric clade B
nv in the DNA and rAd5 is different from the SF162 based
nv protein used to boost the antibody responses. We mea-
ured the anti-Env antibody titers using a clade B protein
HxB2/BaL gp140) because this matched the clade B Env
nsert in the DNA and rAd5. Since some antibodies are known
o be highly strain specific, the ELISA titers measured for the
rotein only immunized animals (SF162 dV2gp140) might
ave been somewhat higher if they were measured using
he homologous SF162 protein. However, we believe that
easonable comparisons could be made among groups by
sing the single HxB2/BaL gp140 protein for ELISA test-
ng. Also of note, since we found that the CpG ODN did not
lter the antibody response when added to MF59 (Section
.3 below), we combined all 12 GPs in the rAd5 + protein,
nd the DNA + protein groups, for the evaluations done here.

e observed that three immunizations of plasmid DNA,

nd one immunization of rAd, each generated measurable
erum ELISA titers (Fig. 2A), though the response was more

i
w
t

ig. 2. Comparison of DNA and rAd prime. (A) Anti-Env ELISA titers for the 12 G
rAd5 immunization (rAd); the time point shown is week 8. ELISA titers are also

mmunization (DNA + protein, DNA + rAd). The two columns furthest to the right s
(after protein × 2) and week 22 (after protein × 3). The line within each group o

ame animals described above. The immunization scheme is shown above in Fig. 1.
C50 values for viral isolate BaL.01. All line graphs show the geometric mean valu
2007) 1398–1408

onsistent in the rAd group. In the DNA immunized animals,
single protein boost increased the reciprocal geometric
ean titer (GMT) from 12,000 to 386,000 (32-fold increase;
= 0.0005). In rAd immunized animals, the GMT increased

rom 23,000 to 1,546,000 after the protein boost (67-fold
ncrease; p = 0.0001). In contrast, two protein immunizations
weeks 0 and 3) resulted in a GMT of 6400 that was signif-
cantly lower than a single protein immunization after DNA
rime (p = 0.008) or rAd5 prime (p = 0.004). Thus, both DNA
nd rAd effectively primed for the protein boost immuniza-
ion and the resulting GMTs were approximately 100-fold
igher than was observed after two protein immunizations
n the absence of DNA or rAd. In the protein only group, a
hird protein immunization at week 19 brought the GMT up
o 102,000, which was still several fold lower than observed
n the DNA and rAd primed animals. A comparison of the
NA + protein and rAd + protein groups shows GMTs of
86,000 and 1,546,000, respectively (p = 0.053). Thus, there
as a trend toward a higher GMT titer in the rAd + protein

nimals. All animals were given an additional protein immu-
ization at week 30, but this did not provide a significant

ncrease in the GMT (Fig. 2B). All P values described above
ere derived from non-parametric Mann–Whitney tests of

he IC50 values.

Ps that received 3 DNA immunizations (DNA) and the 12 GPs that received
shown from sera sampled at week 22, 2 weeks after the first protein boost
how data from the four protein only immunized GPs; time points are week
f scatter points indicates the GMT. (B) Longitudinal ELISA titers for the
(C) Neutralization IC50 values for viral isolate SS1196. (D) Neutralization
e and S.E.M. for each time point.
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Table 1
Neutralizing antibody response against an extended panel of clade B viruses

Immunogen Animals HXB2 SF162 6535.03 SC422.8 QH0692.42 WITO.33 MuLV

Week 22 Week 34 Week 22 Week 34 Week 22 Week 34 Week 22 Week 34 Week 22 Week 34 Week 22 Week 34 Week 22 Week 34

DNA + protein (MF59) 41 – 587 12 5626 – – – 61 – – – – – –
42 – 33 – 469 – – – 20 – 13 – – – –
43 – – 39 2096 – 82 – – – – – – – –
44 – 301 19 7253 – 140 – – – – – – – –

DNA + protein (MF59/ODN7909) 45 – 48 510 1182 – 20 – 65 – – – – – –
46 – – 17 2231 – 105 – – – – – 18 – –
47 – – – 4189 – – – 44 – – – 19 – –
48 – 2272 – 2643 – 79 – 42 – – – – – –

DNA + protein (MF59/ODN2395) 49 – nd 365 nd – nd – nd – nd – nd – nd
50 – – 48 3300 – 95 – 25 – – – – – –
51 – 155 50 3135 – – – – – – – – – –
52 – 45 22 661 – – – – – – – – – –

rAd + Protein (MF59) 53 – 120 164 1260 – – – – – – – – – –
54 – 19 41 151 – – – – – – – – – –
55 – – 129 249 – – – – – – – – – –
56 – – 592 1009 – – – – – – – – – –

rAd + protein (MF59/ODN7909) 57 – 323 86 1065 – 85 – – – – – – – –
58 18 59 179 750 – 24 – – – – – – – –
59 – 22 37 260 – – – – – – – – – –
60 – 164 5593 3892 570 387 – – – – – – – –

rAd + protein (MF59/ODN2395) 61 – 170 144 1098 – – – – – – – – – –
62 33 62 400 2145 – 198 – – – – – – – –
63 – 33 26 321 – 18 – – – – – – – –
64 – 39 – 218 – – – – – – – – – –

Protein only (MF59) 69 274 610 7181 9344 – 29 – – – – – – – –
70 20 29 1176 1675 – – – – – – – – – –
71 392 450 9473 9855 76 58 – – – – – – – –
72 1689 2598 5856 8018 122 267 – – – – – – – –

rAd empty vector 65 – – – – – – – – – – – – – –
66 – – – – – – – – – – – – – –
67 – – – – – – – – – – – – – –
68 – – – – – – – – – – – – – –

The vaccine modalities are shown in the left column. The adjuvant, shown in parenthesis, was used with protein immunizations only. Value indicates the reciprocal serum dilution that resulted in 50% neutralization
of each virus. Time points shown are weeks 22 and 34. A dash (–) indicates that 50% neutralization was not recorded at the lowest serum dilution tested (1:10). nd indicates not determined.
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Neutralizing antibody responses at several time points
ere first assessed against two neutralization sensitive HIV-
strains: SS1196 (Fig. 2C) and BaL.01 (Fig. 2D). Serum

eutralizing activity was detected after DNA or rAd prime
ollowed by a single protein boost (Fig. 2C and D, week 22) or
fter three protein immunizations (also week 22). Overall, the
eutralization IC50 titers against BaL.01 and SS1196 were
n the low to moderate range. While there was some small
ncrease in titer with an additional protein boost (week 34)
his increase was not statistically significant. Interestingly, the
rotein only group of animals was more potently neutralizing
gainst BaL.01 than the DNA or rAd groups, but this was not
een for SS1196. The reason for this difference is not clear.
t is known that current Env immunogens, including those
sed here, do not elicit neutralizing responses against the
ajority of primary HIV-1 strains. To more formally assess

he breadth of neutralization by these sera, they were tested
gainst two additional neutralization sensitive viruses (HxB2
nd SF162) and against a panel of 12 heterologous clade B
eference viruses that that have recently been recommended
or this purpose [52,53]. There was strong neutralization of
F162, which is homologous to the protein boost, especially

n the animals that received three or four immunizations with
he SF162 dVgp140 protein. This can be seen in Table 1
here the protein only immunized animals have particularly
igh neutralization titers against the homologous SF162 virus
hat is stronger than that seen with the DNA or rAd5 immu-
ized animals. This is likely due to a subset of highly strain
pecific antibodies elicited by the SF162 dV2gp140 protein
hat are reactive with both SF162 and the highly sensitive
aboratory adapted HxB2 strain. But this neutralization did
ot extend to the other primary isolates tested. Among the 12
eference strains tested, we observed some neutralization of
wo viruses (6535.3 and SC422.8). There was little or no neu-
ralization of the remaining 10 viruses. Table 1 shows data for
nly four of the reference viruses. There was no detectable
eutralization against the remaining eight viruses and these
ata are not shown.

.3. Comparison of protein formulated with ODN
rotein

We further evaluated if GpG ODN could augment the
ntibody response elicited by SF162 protein formulated in
F59. To assess this, we added CpG ODN to MF59 dur-

ng the boost phase of the immunization regimen. The 12
Ps in DNA/protein and rAd/protein immunization groups
ere subdivided into three groups of 4 animals as shown if
ig. 1. GPs received SF162 gp140 with MF59, or with MF59
lus ODN7909 or ODN2395. Fig. 3A shows that there were
o differences in the ELISA titers at any time point tested
or the DNA/protein groups (left panel) or the rAd/protein

roups (right panel). We also assessed the neutralizing anti-
ody response against viruses SS1196 (Fig. 3B) and BaL.01
Fig. 3C). Again, there were no statistically significant differ-
nces in the IC50 neutralization titers at any time point tested.

t
(
d
e
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hus, although these ODN have been found to be effective
djuvants during primary immunization, we found no evi-
ence that a class B of C ODN (used at a dose of 100 mcg
er animal) could augment the antibody response generated
y the protein/MF59 formulation in the setting of an immune
esponse primed by DNA or rAd5.

. Discussion

It this study, we focused on several HIV-1 candidate vac-
ines that are being tested in ongoing phase I/II clinical trails;
hese included a multigene plasmid DNA, a multigene rAd5
accine, and a soluble clade B trimeric dV2gp140. While pro-
ein immunization can induce high antibody levels, it does not
licit the CD8 T-cell responses that are thought to be impor-
ant for controlling HIV-1 infection. Since DNA and rAd5
ectors elicit robust cellular immune responses, including
D4 T-cell response to the Env antigens, we hypothesized

hat they would prime for a protein boost that could fur-
her augment the antibody levels induced by these candidate
accines. We observed that three DNA immunizations, or a
ingle rAd5 immunization, resulted in moderate levels of anti-
nv antibodies that were boosted by approximately 50-fold
pon protein boosting. The resulting antibody response was
igh enough to neutralize several strains of HIV-1, though
s expected these neutralizing antibodies were not broadly
eactive.

The dV2gp140 SF162 Env protein used here has been
reviously studied in NHP. It has been shown to boost the
ntibody response after immunization with DNA plasmids
ncoding the same SF162 Env. This resulted in a potent neu-
ralizing response against the homologous SF162 virus and
artial protection against a SHIV SF162 challenge [6,43].
owever, the reactivity of neutralizing antibodies was limited

nd additional SHIV challenge studies showed that protec-
ion did not extend to a heterologous SHIV89.6P challenge
42]. In the current study, we primed with DNA or rAd5
hat encoded for a clade A, B and C Env. The clade B Env
as a derived from the HxB2 sequence that was modified to

nclude 86 amino acids from the V3 region of the BaL strain.
hus, the priming Env immunizations were antigenically
roader than the boost and were not directly homologous
o the SF162 protein. We therefore performed an extensive
nalysis of the breadth of the neutralizing antibody response
t a peak time point after the protein boost, and again after
n additional protein boost. For this purpose, we used sev-
ral well characterized neutralization sensitive viruses and a
ecently recommended panel of clade B reference isolates. As
xpected, moderately high neutralization titers were observed
gainst the more sensitive viruses: BaL, SS1196, SF162 and
xB2. Among the new panel of 12 reference clade B strains,
here were moderate level responses only against virus 6535
Table 1). This result is not surprising, as several studies have
emonstrated that these current Env immunogens do not yet
licit broadly reactive neutralizing antibodies [6,13,35].
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Fig. 3. Comparison of MF59 and GpG ODN adjuvants. The symbols at the top of the left and right columns describe the animal groups. (A) Anti-Env ELISA
t imals. N
o 196 (B
v .
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iters are shown for DNA (left panel) and rAd (right panel) immunized an
verlapping. Also shown are neutralization IC50 titers for viral isolate SS1
alue and S.E.M. for each time point; there were four animals in each group

Interestingly, the serum neutralizing activity was some-
hat higher at week 34, after the second protein boost, com-
ared to week 22 (after the first protein boost). This can be
een in Table 1 for viruses HxB2, SF162, 6535 and SC422.
hus, despite the fact that the second protein boost did not
ubstantially increase the ELISA titer measured against BaL
p120, the virus neutralizing activity was improved. This is
ot surprising, as previous studies have failed to find a corre-
ation between gp120 binding levels and virus neutralization

55,56]. The fraction of total anti-Env antibodies that are neu-
ralizing may be small, and boosting this fraction may have

inimal effect on the total anti-gp120 ELISA titer. Also of
ote, the protein only immunized animals had higher neutral-

a
n
m
a

ote that the graphs for MF59 used alone or combined with an ODN are
) and viral isolate BaL.01 (C). The line graphs show the geometric mean

zation against SF162 and HxB2 than the animals primed with
NA or rAd5 (Table 1). This is likely due to a set of highly

ype specific antibodies elicited by the SF162 dV2gp140 pro-
ein, as these sera from protein only immunization do not
eutralize most heterologous viruses. Thus, using current Env
mmunogens, neither homologous protein alone, nor DNA
r rAd5 prime with heterologous protein boost, was able to
nduce broadly reactive neutralizing antibodies.

This study did not detect an effect of GpG ODN on the

ntibody response, but it is important to note that we did
ot design these experiments to study ODN during the pri-
ary set of immunizations. Synthetic ODN can potently

ugment Th1 driven immune responses in mice [45] and have
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ecently been shown to have similar properties in NHPs and
umans [57,50]. Much less is known about their effect in
Ps, although CpG ODN have been reported to augment

he response in GPs to mycobacterial antigens [58], and the
nti-HIV-1 Env response after immunization with virus like
articles [59]. Two aspects of our study design may have min-
mized the effect of the ODN. First, we only studied the effect
f ODN on protein used to boost an existing immune response
enerated with DNA or rAd5 prime. Since both these modali-
ies generated an antibody response, there may have been less
otential for the ODN to augment the secondary immune
esponse. Secondly, we used a well characterized adjuvant
MF59) in all protein formulations. Thus, we can only con-
lude that there was no effect of ODN above that produced
y the MF59 alone. It is also possible that a higher dose of
he ODN than the 100 mcg used here would have produced a

ore pronounced effect.
In summary, a successful HIV-1 vaccine will likely need to

enerate both cellular immunity and neutralizing antibodies.
hile intense research continues to focus on the design of
ore optimal Env antigens, it is also important to understand

ow such Env immunogens might be delivered as part of an
verall HIV vaccine strategy aimed at generating both cellu-
ar immunity and neutralizing antibodies. Gene-based vectors
uch as plasmid DNA and rAd5 can effectively express Env
ntigens and induce both T-cell and antibody responses. In
his study, we show that both DNA and rAd5 can each effi-
iently prime for protein boosting. Thus, immunization with
NA or rAd5, plus protein boosting, is a useful platform to

tudy the immune response to novel Env immunogens and
ay allow the induction of both CD8 T-cell and neutralizing

ntibody responses.
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