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BACKGROUND. Vector prime-boost immunization strategies induce strong cellular and humoral immune responses.
We examined the priming dose and administration order of heterologous vectors in HIV Vaccine Trials Network

078 (HVTN 078), a randomized, double-blind phase Ib clinical trial to evaluate the safety and immunogenicity of
heterologous prime-boost regimens, with a New York vaccinia HIV clade B (NYVAC-B) vaccine and a recombinant
adenovirus 5-vectored (rAd5-vectored) vaccine.

METHODS. NYVAC-B included HIV-1 clade B Gag-Pol-Nef and gp120, while rAd5 included HIV-1 clade B Gag-Pol and clades
A, B, and C gp140. Eighty Ad5-seronegative subjects were randomized to receive 2 x NYVAC-B followed by 1 x 10" PFU
rAd5 (NYVAC/AdShi); 1x 108 PFU rAdS5 followed by 2 x NYVAC-B (Ad5l°/NYVAC);1 x 10° PFU rAdS5 followed by 2 x NYVAC-B
(Ad5__./NYVAC); 1x 10" PFU rAd5 followed by 2 x NYVAC-B (Ad5, /NYVAC); or placebo. Immune responses were
assessed 2 weeks after the final vaccination. Intracellular cytokine staining measured T cells producing IFN-y and/or IL-2;
cross-clade and epitope-specific binding antibodies were determined; and neutralizing antibodies (nAbs) were assessed
with 6 tier 1 viruses.

RESULTS. CD4* T cell response rates ranged from 42.9% to 93.3%. NYVAC/Ad5,, response rates (P < 0.01) and magnitudes
(P < 0.03) were significantly lower than those of other groups. CD8* T cell response rates ranged from 65.5% to 85.7%.
NYVAC/AdS, magnitudes were significantly lower than those of other groups (P < 0.04). 1gG response rates to the group
M consensus gp140 were 89.7% for NYVAC/Ad5, and 21.4%, 84.6%, and 100% for Ad5, /NYVAC, Ad5__ /NYVAC, and
Ad5, /NYVAC, respectively, and were similar for other vaccine proteins. Overall nAb responses were low, but aggregate
responses appeared stronger for Ad5__ /NYVAC and Ad5, /NYVAC than for NYVAC/AdS, .

CONCLUSIONS. rAd5 prime followed by NYVAC boost is superior to the reverse regimen for both vaccine-induced
cellular and humoral immune responses. Higher Ad5 priming doses significantly increased binding and nAbs.
These data provide a basis for optimizing the design of future clinical trials testing vector-based heterologous
prime-boost strategies.

TRIAL REGISTRATION. ClinicalTrials.gov NCT00961883.

FUNDING. NIAID, NIH UM1AI068618, Al068635, Al068614, and Al069443.

Introduction

An effective prophylactic HIV vaccine remains a major global
health target, especially in developing countries bearing the
brunt of the 2.5 million new infections estimated in 2011 (1).
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Recent HIV vaccine strategies have progressively focused on
viral vector-based vaccines in order to induce potent cellular as
well as humoral responses. Recombinant adenovirus-vectored
(rAd-vectored) HIV vaccines have been extensively studied in
preclinical (2) and clinical studies, both alone (3, 4) and in prime-
boost regimens preceded by DNA (5), demonstrating excellent
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Figure 1. CONSORT statement 2010 flow diagram. The number of participants enrolled, randomized, followed up, and analyzed is shown for placebo and
treatment groups. Two of 12 early terminations occurred prior to the primary immunogenicity visit (visit 10) due to lack of time and commitment to the
study. The remaining 7 early terminations due to participants’ refusal resulted predominantly from an extension of the study with version 2 of the proto-
col; these participants did not consent to the additional visit scheduled in version 2.

immunogenicity. Following the disappointing outcome of the
rAd5-vectored Step Study (3) and the more promising results
obtained in the RV144 trial (6) with a canarypox-containing
regimen, poxvirus vectors have seen a surge in interest over the
past few years. Early poxvirus vectors were poorly immunogenic
in humans compared with adenovirus-based vaccines (7, 8), but
more recent immunogens based on New York vaccinia (NYVAC)
or modified vaccinia Ankara (MVA) boosts show promising
results in clinical trials (9-13).

jci.org  Volume124  Number1l  November 2014

The efficient induction of immune responses following vac-
cination with viral vectors is likely attributable, in part, to their
intrinsic adjuvanticity based on the recognition of viral pathogen-
associated molecular patterns (PAMPs). While viral vectors take
advantage of this mechanism to induce immune responses to their
insert, the vaccinated host will invariably mount a response to the
carrier as well, making subsequent homologous vector delivery
less efficient at boosting the response to the recombinant vac-
cine antigen. In addition, vectors are frequently based on human
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Table 1. HVTN 078 study schema

Study group Number Vaccination schedule in months (days)
0(0) 1(28) 5 (140) 6 (168)
NYVAC/Ad5,, 30 NYVAC-B NYVAC-B  Placebo  rAd5 (1x 10%)
2 Placebo Placebo Placebo Placebo
Ad5, /NYVAC 15 rAd5 (1x10%)  placebo  NYVAC-B NYVAC-B
" Placebo Placebo Placebo Placebo
Ad5,__,/NYVAC 15 rAd5 (1x10°)  Placebo  NYVAC-B NYVAC-B
(3 Placebo Placebo Placebo Placebo
AdSM/ NYVAC 15 rAdS (1% 10)  Placebo NYVAC-B NYVAC-B
" Placebo Placebo Placebo Placebo
Total 80 (75:5)

APlacebo recipients were analyzed as a single group. All vaccines were
administered intramuscularly.

pathogens, and vaccine recipients may show preexisting immune
responses to the vector that can dampen insert-specific responses
(14, 15). Therefore, while repeated vaccination may be necessary
to achieve high magnitudes and high response rates of immune
responses to the vaccine insert, homologous prime-boost strat-
egies repeatedly administering the same product may result in
diminished returns with each subsequent vaccination.

Combining different vectors in heterologous prime-boost
HIV-specific regimens represents a promising alternative to homol-
ogous boosting, since immune responses to the first vector are
not expected to affect the effectiveness of the second, resulting in
boosted responses primarily to the recombinant vaccine antigen. The
most frequently used heterologous prime-boost modality consists of
a DNA prime followed by a vector boost (5, 10, 16), while clinical data
on heterologous prime-boost strategies involving 2 vectors are sparse,
even though preclinical data show that immune responses in animals
primed with an adenovirus vector can be efficiently boosted with a
poxvirus vector (17-19). Recent data in nonhuman primates (NHPs)
also show that vaccination with an adenovirus prime-poxvirus vector
boost resulted in an 83% reduction in the per-exposure probability
of infection against repetitive, intrarectal challenges (20). Adeno-
virus-poxvirus vector combinations have therefore been proposed
as a key strategy to move forward in clinical trials. Here, we present
human cellular and humoral immunogenicity data of such a combi-
nation approach in a randomized, double-blind preventive HIV Vac-
cine Trials Network trial (HVTN 078). Using previously tested rAd5
(21) and NYVAC (11) vectors, we show not only that the vaccines
induce strong cellular and humoral responses, but also that both the
order of administration and the priming dose significantly influence
the ensuing immune response. Considering the lack of efficacy in the
HVTN 505 trial, in which a heterologous DNA prime-rAd5 boost was
evaluated (22), optimization of the dose and regimen of future candi-
date vaccines based on gene delivery with vector combinations will
be imperative before advancing to phase IIb clinical trials.

Results

Participant accrual, demographic data, and vaccine safety. Eighty
participants were enrolled, 29% of whom were male and 71%
female; 86% were of mixed European descent, 1% each were
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black or Asian, and 6% were “other”; 5% were of Hispanic eth-
nicity. Seventy percent of participants were 21-30 years old (yo);
18% were 18-20 yo; and 13% were 31-40 yo. Ninety-eight percent
of enrolled participants were retained through the final clinic visit
(Figure 1). Allocation of participants to the 4 treatment groups is
described in Table 1; demographics and vaccination frequencies
per treatment group are detailed in Table 2.

The vaccines were safe and well tolerated. Forty percent (n = 32)
of participants experienced 1 or more adverse events (AEs) assessed
by the investigators as related to the study agents. The incidence
of AEs varied by treatment group: 57% (n = 17) of participants in
NYVAC/Ad5,, and 47% (n=7) of participants in Ad5, /NYVAC, the 2
groups that received the highest rAd5 dose (10%°), reported AEs that
were assessed as related to the study agents, while only 20% (n = 3)
of participants in Ad5_/NYVAC and 20% (n = 3) of participants in
Ad5,./NYVAC reported AEs that were assessed as related to the
study agents. No vaccinations were discontinued due to these AEs.
As myocarditis and pericarditis have been observed in recipients of
vaccinia vaccinations used to protect against smallpox, this protocol
excluded individuals with preexisting cardiac risk factors and/or car-
diac conditions or ECG findings that could compromise the detec-
tion of myocarditis or pericarditis. Participants who reported chest
pain, dyspnea, or sensation of palpitations were evaluated by ECG,
cardiac troponin, and CK-MB tests. A few participants experienced
such symptoms after vaccination and underwent cardiac evaluation;
no evidence of myocarditis or pericarditis was found.

Systemic and local reactogenicity were typically mild or mod-
erate, though the NYVAC/Ad5; and Ad5__,/NYVAC groups each
had 1 participant with severe systemic reactogenicity after receipt
of the fourth and third vaccinations, respectively, and the Ad5, /

Table 2. Demographics and vaccinations received by treatment
group

P1-4(n=5 Ti(n=30) T2(n=15) T3(n=15)
Sex
Male 2 (40%) 8 (27%) 6 (40%) 3(20%)
Female 3(60%) 22 (73%) 9 (60%) 12 (80%)
Race/ethnicity*
White - NH 5 (100%) 27 (90%) 13 (87%) 12 (80%)
Black/AA - NH 0 (0%) 1(3%) 0(0%) 0 (0%)
Hispanic 0 (0%) 0(0%) 1(7%) 1(7%)
Asian 0 (0%) 0 (0%) 1(7%) 0 (0%)
Other 0 (0%) 2 (7%) 0(0%) 2 (13%)
Age (yr)
18-20 1(20%) 5 (17%) 0(0%) 5 (33%)
21-30 3(60%) 21(70%) 13 (87%) 8 (53%)
31-40 1(20%) 4 (13%) 2 (13%) 2 (13%)
M-45 0 (0%) 0 (0%) 0(0%) 0 (0%)
Vaccinations
Month 0 5 (100%) 30 (100%) 15 (100%) 15 (100%)
Month 1 5 (100%) 29 (97%) 15 (100%) 15 (100%)
Month 5 5(100%) 27 (90%) 15 (100%) 14 (93%)
Month 6 5(100%) 26 (87%) 15 (100%) 14 (93%)

ARaces/ethnicities not represented in the study population were omitted.
NH, non-Hispanic.
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Figure 2. Binding IgG responses elicited in HVTN 078 two weeks after the final vaccination. 1gG titers against consensus clade A Env (ConA) gp140 (A),
clade B Env (ConB) gp140 (B), clade C Env (ConC) gp140 (C), and ConS gp140 (D) were calculated for positive responders using AUC (1:50 dilution, 5-fold
titration series). Positive responses are shown in red symbols and negative responses in blue. Boxes and whiskers represent the positive responders only

(see Methods).

NYVAC group had 2 participants with erythema and/or indura-
tion of greater than 9 cm in diameter after receipt of the fourth
vaccination. Overall, the reactogenicity profile was similar to that
observed in prior studies of the NYVAC and rAd5 vaccines used in
this study (11, 12, 21).

Vaccination with NYVAC-B and rAd5 elicits HIV envelope-specific
binding antibody responses to clades A, B, C, and AE Env. Heterologous
prime-boost vaccine regimens frequently include DNA vaccines, and
early studies have shown that DNA is more efficient as a prime than as
a boost (23, 24). Regimens combining different vectors, on the other
hand, have been rare in humans, and clinical trials did not interrogate
the influence of the order in which the vectors were administered
(7). We therefore wanted to address (a) whether lower priming doses
are as efficient as high doses to elicit immune responses by compar-
ing Ad5, /NYVAC with Ad5, /NYVAC and (b) whether the order of
administration of NYVAC-B and rAd5 would affect immunogenicity
by comparing NYVAC/Ad5,, with Ad5, /NYVAC.

Both rAd5 and NYVAC-B had previously been tested in
humans and have been shown to elicit both humoral and cellular
responses (21, 25), but the combination of an adenoviral vector
with a poxvirus vector had only been tested in NHPs, in which it
showed superior protection from acquisition compared with that
of homologous poxvirus vectors (20). The rAd5 vaccine used in

jci.org  Volume124  Number1l  November 2014

the present study contained envelope (Env) protein inserts for
clades A, B, and C, increasing the likelihood of inducing cross-
clade immune responses. As shown in Figure 2, we detected bind-
ing IgG responses to clades A, B, C, and group M consensus gp140,
aswell asto a clade AE gp120 protein (Supplemental Figure 1; sup-
plemental material available online with this article; doi:10.1172/
JC175894DS1) and Gag p24 (Supplemental Figure 2).

The order in which the 2 vectors were administered only
showed minor effects on binding antibody responses at the
same rAd5 dose (NYVAC/Ad5,; vs. Ad5, /NYVAC) (Figure 2). We
observed no significant differences between the NYVAC/Ad5,
and Ad5,/NYVAC groups for Env-specific IgG, although the
response rates were consistently lower in the NYVAC/Ad5,  group.
On the other hand, we found significantly more Gag-p24-specific
IgG responders in the Ad5,,/NYVAC group than in the NYVAC/
Ad5,; group (P < 0.0001, Supplemental Figure 2).

Increasing priming doses of rAd5 significantly improve binding
IgG responses. While the order of vector administration had only
minor effects on the magnitude of the IgG response, increasing
priming doses of rAd5 led to significantly higher response rates of
binding Env-specific IgG after the NYVAC-B boost for consensus
A Env gp140 (P = 0.0013), consensus C Env gp140 (P < 0.0001),
ConS gpl40 (P < 0.0001), A244 gp120 (P = 0.0005), and p24
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Figure 3. V1-V2-specific IgG and gp140-specific IgA elicited in HVTN 078 two weeks after the final vaccination. IgG responses to (A) clade B case_A gp70
V1-V2, (B) clade C 1086 V1-V2 tags, and (C) clade AE A244_293F V1-V2 tags were measured as MFI (see Methods). (D) IgA responses to consensus clade B
Env gp140 were measured as MFI. Positive responses are shown in red symbols and negative responses in blue. Boxes and whiskers represent the positive

responders only (see Methods).

(P < 0.0001), but not for consensus B Env gp140 (P = 0.7), which
had high response rates even at the lowest dose (Figure 2 and Sup-
plemental Figures 1 and 2). Such a dose effect was also seen in
response magnitudes in positive responders to consensus A gp140
(P<0.0001), B gp140 (P=0.002), and C gp140 (P = 0.03), ConS
gp140 (P=0.003), and p24 (P=0.001).

In light of the findings from the RV144 correlates analysis
(26), we also determined the rate and magnitude of V1-V2 IgG
responses as well as of IgA responses. Antibody responses to the
clade B gp70 V1-V2 case_A2 (used to define the correlate of HIV-1
risk in RV144) were only generated in those groups that included
the high dose of rAd5 (24% and 14% for NYVAC/Ad5,, and Ad5, /
NYVAGC, respectively; 0% for Ad5, /NYVAC and Ad5__,/NYVAC;
Figure 3). We also measured clade C and AE V1-V2 antigens to
examine the breadth of V1-V2 responses and found that response
rates were higher than those of the clade B construct (up to
50%; Figure 3), but were still rarely detected in the lower-dose
rAd5 groups, suggesting that the high dose of Ad5 is necessary to
induce responses to V1-V2. We found that the responses to lin-
ear V2 sequences were low to absent in 10 vaccinees that were
epitope mapped (Supplemental Figure 3). However, antibody
responses to cross-clade V3 sequences were the dominant linear
IgG response among these vaccinees.

Interestingly, we found that Env-specific IgA production was
mainly restricted to NYVAC/Ad5,, (Figure 3D for clade B gp140,
P = 0.003 for response rates in NYVAC/Ad5, vs. Ad5, /NYVAC;
Supplemental Figure 4 for clades A and C as well as ConS gp140).

Neutralizing antibody responses are mainly directed at tier 1
viruses. Broadly neutralizing antibody (bnAb) responses are a
highly desired outcome for an HIV vaccine but are inherently dif-
ficult to elicit with current regimens, especially in the absence of
protein boosts (27). Here, we assessed whether the combination of
2 highly immunogenic vectors would lead to an increased neutral-
ization potential of the induced antibodies.

Responses against tier 1 viruses were found in the majority of
vaccine recipients (Figure 4); response rates were highest for MN.3
(69.3%) followed by SF162.LS (42.1%), BaL.26 (18.4%), Bx08.16
(11.8%), and MW965.26 (14.5%). We observed no response to
NPO03.13. Neutralizing antibody (nAb) responses to tier 1 viruses
were significantly higher in NYVAC/Ad5,; (P = 0.027), Ad5,_ ./
NYVAC (P<0.001), and Ad5, /NYVAC (P < 0.001) recipients than
in placebo recipients. nAb responses to tier 2 viruses were infre-
quently induced regardless of whether they were measured in the
TZM-bl assay or the more sensitive A3R5 assay (data not shown).

nAb responses depend on priming dose and on the order of vector
administration. Increasing doses of the rAd5 prime led to significantly
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higher rates of Env-specific binding IgG (Figure 2), and nAbs followed
the same trend (Figure 4), with the priming dose significantly affect-
ing the response rates for SF162.LS (P < 0.0001), MN.3 (P= 0.0034),
and MW965.26 (P = 0.0053). Interestingly, while neither the magni-
tude nor the response rate for Env-specific IgG differed significantly
between the NYVAC/Ad5,; and Ad5, /NYVAC recipients, the order
in which the 2 vectors were administered did affect the neutraliza-
tion potential of these Abs, with significantly higher neutralization
of tier 1 viruses for Ad5,,/NYVAC (P = 0.004, Figure 5). Neutraliza-
tion was also significantly higher for Ad5 __,/NYVAC recipients than
for NYVAC/Ad5,, (P = 0.048) recipients, but was similar between
NYVAC/Ad5,;and Ad5, /NYVAC (P = 0.3) recipients.

nAb responses decline by 6 months after the last immunization.
To assess the longevity of the antibody response, we assessed
nAb responses for the clade B strain MN.3 at 6 months after the
last immunization (5.5 months after the peak time point). MN.3
was chosen for this analysis, since responses to this virus were
detectable in all treatment groups at peak. As shown in Figure 6,
responses were still detectable in all groups, although the response
rate declined significantly in the NYVAC/Ad5,; group (P < 0.001).
The reduction in response rates in the Ad5-primed groups was less
pronounced, and 86.7% of subjects maintained positive nAb titers
at the late time point in the Ad5,,/NYVAC group. While the mag-
nitude of responses declined in all groups, this reduction was only
significant for Ad5,/NYVAC (P = 0.001) recipients. These data
suggest that vaccine-induced humoral immune responses were
more durable at 1 year after enrollment for the groups receiving
the highest dose of rAdS5.
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Vaccine-induced seroveactivity in commercially available diag-
nostic kits is dependent on priming dose and on the order of vector
administration. While the induction of strong cross-clade anti-
body responses is a major goal for HIV vaccines, those responses
may include anti-HIV antibodies that can be detected on commer-
cially available HIV serologic tests in the absence of HIV infection.
Therefore, the HVTN diagnostic program uses testing algorithms
that differentiate vaccine-induced seroreactivity (VISR) from true
HIV infection. We tested all vaccine recipients at the end of the
study to assess VISR on a minimum of 3 commercially available
kits. This testing determines the likelihood that a participant will
be misclassified as infected if they are tested outside of the Net-
work. VISR was assessed using the HVTN algorithm for the evalu-
ation of seroreactivity (EOS), which began with 3 different enzyme
immunoassay (EIA) kits. Samples with at least 1 reactive EIA were
followed up with Western blotting and RNA PCR to distinguish
VISR from natural infection. As shown in Figure 7, the different
EIA kits picked up responses in partially overlapping sets of sub-
jects. We found that the response rates for VISR were comparable
between the NYVAC/Ad5,; and Ad5, /NYVAC (P = 0.2) groups,
but lower in the Ad5, /NYVAC and Ad5__,/NYVAC (P =0.09 and
P = 0.03 compared with NYVAC/Ad5, , respectively; P = 0.002
for the Ad5 dose response using the Cochran-Armitage trend test)
groups, following the trend of responses observed using the HIV-1-
binding antibody multiplex assay (BAMA) (Figure 2). Eighty-five
percent of subjects who had a reactive EIA also had a reactive
Western blot, but all were negative for viral RNA, suggesting that
reactivity was due to vaccination rather than HIV-1 infection.



The Journal of Clinical Investigation

CLINICAL MEDICINE

Figure 5. MB of nAb responses elicited in HVTN 078. Five
tier 1 Env-pseudotyped viruses (BaL.26, Bx08.16, MW965.26,
SF162.LS, and MN.3) were tested in the TZM-bl neutralization
assay 2 weeks after the final vaccination. Data are repre-

sented as MB curves, where the x axis represents nAb titers,
and the y axis represents the fraction of viruses neutralized.
Dashed lines represent subject-specific responses. Solid lines
represent group averages.
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NYVAC is a stronger boost than a prime for T cell responses. In
addition to humoral responses, we assessed cellular immune
responses by intracellular cytokine staining (ICS) in 75 partici-
pants for CD4* T cells (1 filtered due to a high background) and
76 participants for CD8" T cells. As shown in Figure 8, CD4* and
CD8" T cell IFN-y and/or IL-2 responses of high magnitude were
observed in all 4 treatment groups.

Response rates for CD4* T cells were significantly higher
in regimens using NYVAC-B as a boost rather than as a prime
(NYVAC/Ad5,; vs. Ad5, /NYVAC: P = 0.001; NYVAC/AdS5,; vs.
Ad5__,/NYVAC: P = 0.005; and NYVAC/Ad5, vs. Ad5, /NYVAC:
P = 0.01; adjusted P values using Fisher’s exact test; Figure 8A).
CD4* T cell magnitudes were also significantly higher after the

NYVAC-B boost than after the rAd5 boost (NYVAC/Ad5,; vs.
Ad5, /NYVAC: P < 0.001, NYVAC/Ad5,, vs. Ad5__/NYVAC:
P=0.03;and NYVAC/AdS5, vs. Ad5, /NYVAC: P < 0.001; adjusted
Pvalues using the Wilcoxon test).

We did not find the response rates for CD8* T cells to be signifi-
cantly different (Figure 8B); however, CD8" T cell magnitudes were
significantly higher after the NYVAC-B boost than after the Ad5 boost
(NYVAC/AdS, vs. Ad5, /NYVAC: P=0.02; NYVAC/Ad5, vs.Ad5__,/
NYVAC: P = 0.04; and NYVAC/Ad5,, vs. Ad5, /NYVAC: P = 0.012;
adjusted P values using the Wilcoxon test). For both CD4* and CD8*
T cells, we observed similar levels of medium-to-high response rates
across the Env, Gag, and Pol peptide pools, while no or very low
response rates were observed for Nef (Supplemental Figure 5).
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Figure 7. VISR elicited in HVTN 078. Sera were tested at the end of the
study (1year after enrollment) using 3 commercially available EIA kits:
Abbott Architect HIV Ag/Ab Combo, Bio-Rad Genetic Systems HIV 1/2
Plus O EIA, and Bio-Rad Multispot HIV-1/HIV-2 Rapid Test. The percent-
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is shown. T1, NYVAC/Ad5,, (white bars); T2, Ad5, /NYVAC (light gray bars);
T3, Ad5,_/NYVAC (dark gray bars); T4, Ad5, /NYVAC (black bars).

Cellular immunogenicity of rAd5/NYVAC-B is not significantly
affected by an rAd5 priming dose. DNA vaccines mostly are poorly
immunogenic in humans but have a significant effect on immune
responses after a heterologous boost, suggesting that a weak prime
may be ideal for induction of strong T cell responses. We therefore
tested 3 concentrations of rAd5 (108, 10° and 10'° PFU) when used
to prime NYVAC-B.

Figure 8 shows that dose escalation of the prime had mini-
mal impact on the response rates and magnitudes for CD4* and
CD8" T cells; interestingly, while not significantly different,
CD8" T cell response rates slightly increased with increasing
doses of rAd5 vector, while CD4* T cell responses were higher
at lower doses.

Functionality of responses is similar across all tested regimens. We
assessed the coexpression of multiple functional markers (poly-
functionality) for all positive responses. Polyfunctional profiles for
IFN-y, IL-2, TNF-q, and granzyme B expression for Gag-specific
CD4* (Figure 9A) and CD8* T cells (Figure 9B) did not differ sig-
nificantly between NYVAC-B and Ad5 primes.

Discussion

Numerous clinical trials have shown the improved immunogenic-
ity of heterologous prime-boost vaccine strategies, especially for
induction of cellular immune responses (reviewed in ref. 28). Fol-
lowing the disappointing results of Ad5-vectored vaccines alone
(Step Study; ref. 3) or in combination with DNA prime (HVIN
505; ref. 22) in phase IIb trials, it remains important to evaluate
other combinations when they demonstrate broader, stronger, and
unique immune responses in preclinical studies. Many factors need
to be considered when determining the ideal combination of 2 vac-
cines used in a heterologous prime-boost regimen; foremost among
these are: (a) which vaccine antigen delivery approaches work well
together; (b) the order in which they are administered; (c) the most
immunogenic dose, which may differ from the optimal dose for each
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individual vaccine candidate or depend upon the order in which
they are given; (d) the interval between the prime and the boost;
and (e) the route chosen for delivery. Our data from the HVTN
078 study confirm the preclinical data showing that the combina-
tion of an adenovirus and a poxvirus vector is highly immunogenic
and demonstrate that NYVAC is a more potent boost than a prime
for both cellular and humoral responses. In addition, we show that
priming with different doses of rAd5 does not affect T cell responses
when followed by NYVAC, but that a high-dose prime is necessary
for strong IgG responses, especially to Env VI-V2.

Dose escalation studies are frequently part of early-phase
vaccine trials; generally, higher doses are more immunogenic,
and the dose escalation aims at finding the highest tolerable
dose based on safety considerations. HVIN 078 is to our knowl-
edge the first clinical trial evaluating the optimal priming dose
for immunogenicity in regimens involving highly immunogenic
heterologous recombinant vaccine vectors with a fixed boost-
ing dose. Since relatively weak immunogens such as DNA can
have substantial impact on the magnitude of T cell responses
following subsequent boosting with a heterologous vector, low-
dose priming may provide an equal or better primary stimulus to
the immune system than do higher doses of the priming vector.
Indeed, both low-dose (10® PFU) and high-dose (10'° PFU) Ad5
primed T cell responses when followed by NYVAC. Interestingly,
the noninferiority of the low-dose prime did not hold for humoral
immune responses, for which there was a clear positive dose-
effect response to the prime. This was especially pronounced
for IgG responses to Env V1-V2, which were mostly absent in
the groups primed with low and medium rAd5 doses. The V1-V2
response rates (0%-50%) in this study were lower than those
induced by RV144 using the same assay (72%-96% in RV144; ref.
29). Additional studies are needed to examine differences in the
epitope-specific responses to the different regions of the HIV-1
envelope included in the V1-V2 antigens.

Heterologous prime-boost strategies using a combination
of poxvirus vectors and adenoviral vectors have been proposed
as a promising HIV vaccine strategy based on recent data in the
NHP model showing 80%-83% per-exposure vaccine efficacy for
SIV acquisition (20). The number of exposures necessary for SIV
acquisition in this study most significantly correlated with binding
antibody titers. Interestingly, in both our study as well as in the
NHP study, the benefit of a poxvirus vector boost rather than a
prime boost was least pronounced for Env-specific binding anti-
bodies, in line with the minor benefit of the poxvirus vector boost
for the observed per-exposure efficacy in the NHP study.

Serum IgA responses were significantly more frequent in the
NYVAC/AdS5,; group; yet, based on the results of the RV144 trial,
in which specific plasma Env IgA was found to be a direct correlate
of risk (26, 30), the benefit of particular Env IgA responses in the
blood was unclear. We found that Gag-specific antibodies were
nearly absent in the NYVAC/Ad5, group, possibly due to an N-ter-
minal Gly — Ala substitution in the NYVAC-B Gag that prevents
the formation and release of virus-like particles from transfected
cells and therefore may have diminished the impact of the prime.

In our study, rAd5/NYVAC-B induced CD4* and CD8" T cell
responses of significantly greater magnitude and CD4* T cell
responses in significantly more vaccinees than did NYVAC-B/
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rAd>5. Although cellular responses may not primarily have an effect
on HIV acquisition, data from NHP studies as well as from the Step
Study show that increased vaccine-induced Gag-specific T cell
responses are associated with a reduced viral load set-point (20,
31). Along with responses to the other proteins contained in the
HVTN 078 vaccines, we found that Gag-specific CD4* and CD8*
T cell responses were more frequent and of higher magnitude in
the NYVAC-B-boosted groups.

Assessment of VISR on commercially available diagnos-
tic kits indicated that up to 67% of participants receiving the
highest dose of adenovirus were at risk of being misclassified
as HIV infected if they were to be tested outside of the Network
system. Seroreactivity rates measured by these diagnostic kits
were overall lower than those measured using our sensitive
BAMA; but VISR mostly followed the response rates for bind-
ing Abs — both rates being highest in the Ad5, /NYVAC group.
To protect participants from the potential social harms that can
result from a misdiagnosis, the HVTN counsels and strongly
encourages vaccine trial participants who exhibit VISR at the
end of the vaccine study to continue to receive HIV diagnostic
testing within the Network system.

Overall, vaccine-induced HIV-specific immune responses in
HVTN 078 were high, with 100% response rates for binding and
nAbs and over 85% for both T cell subsets. Of note, CD4* T cell
responses dominated in this trial, which is unusual for vaccine reg-
imens including rAd5. This enrichment of CD4* T cell responses is
likely due to the inclusion of NYVAC-B; like other poxvirus vectors,
it preferentially induces this subset (7, 10). CD8* T cell responses
were somewhat lower in HVTN 078 compared with those mea-
sured in HVTN 054, in which a single dose of the same rAd5 was
given; this may be explained in part by the time point chosen for
immunogenicity assessment. While 2 weeks after immunization
seems to be optimal for poxvirus vectors and was used as the pri-
mary immunogenicity time point in HVTN 078, responses to rAd5
usually peak after 3 or 4 weeks, the primary immunogenicity time
point assessed in HVTN 054 (32). Additional limitations of this
study include its modest sample size, which leaves open the possi-
bility of infrequent vaccine-associated AEs that might be observed
in a larger study; the precision of the observed trend in the immu-
nogenicity data; and the enrollment of participants at only 1 site
with limited demographics, where self-reporting of safety out-
comes may differ from that in other populations.
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Figure 9. Polyfunctionality of Gag-specific T cell responses elicited in HVTN 078. CD4* (A) and CD8* (B) T cell responses to Gag were measured
2 weeks after the final vaccination by ICS and reported as the percentage of CD4* or CD8* T cells with 1, 2, 3, or 4 functions (top panels) or the
percentage of CD4* or CD8* T cells within a functional subset that expressed a given combination of markers as specified by “+" or “-” below the
bottom panels.
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Taken together, the HVTN 078 data provide support for fur-
ther characterization of heterologous vector combinations in clin-
ical trials. A high dose of a priming adenovirus vector followed by
a poxvirus vector would be a preferred regimen based on our data,
as increased nAb titers may provide additional benefit in prevent-
ing HIV infection in people compared with the NHP model, and
stronger cellular immune responses can provide a second line of
defense to contain virus replication should breakthrough infection
occur (31). Moving forward, adenovirus vectors of low seroprev-
alence, such as Ad26 or Ad35, or nonhuman adenovirus vectors
based on chimpanzee- or gorilla-derived adenoviruses should
replace the rAd5 vector used in this trial; alternatively, other heter-
ologous immunogens, such as DNA, could replace the adenovirus
prime. NYVAC represents a promising partner for these heterolo-
gous prime-boost strategies, and further studies evaluating combi-
nations with alternate poxvirus vectors will determine which strat-
egy is most immunogenic. The dichotomy in the benefit of higher
priming doses for antibody, but not T cell, responses will need
to be confirmed in additional studies, and a new trial testing the
influence of the order of vaccine administration using a DNA-pro-
tein strategy is currently being planned within the HVTN.

Methods

Study participants. Eighty male and female study participants were
enrolled by clinical staff at the HVTN site in Lausanne, Switzerland,
from 2009 to 2011. Subjects were required to meet the following cri-
teria for enrollment: age 18-45 years; good general health; completion
of a questionnaire assessing an understanding of the study and the
nature of participation; being willing and able to provide informed
consent; willingness to receive HIV test results; being amenable to
HIV risk reduction counseling; and assessed by clinic staff as being at
low risk for HIV infection. Pregnant women were excluded, and volun-
teers who could become pregnant agreed to consistently use effective
contraception and not seek pregnancy through alternative methods.
Laboratory inclusion criteria, tested within 8 weeks prior to study
enrollment, included negative HIV-1 and HIV-2 serum antibody tests;
aspartate aminotransferase (AST), alanine aminotransferase (ALT),
alkaline phosphatase (ALP), and creatinine levels below the institu-
tional upper limits of normal; negative blood tests for chronic hepatitis
B and C; normal urine; hemoglobin greater than or equal to 11.0 g/d1 for
volunteers who were born female and greater than or equal to 13.0 g/dl
for volunteers who were born male; wbc count between 3,300 and
12,000 cells/mm?; total lymphocyte count greater than or equal to
800 cells/mm?; remaining differential either within the institutional
normal range or with site physician approval; platelet counts between
125,000 and 550,000/mm?; and an Ad5 nAb titer less than 1:18 (33).
Figure 1 shows a CONSORT statement flow chart of study enrollment,
allocation, and safety analysis (34).

Study procedures. HVTN 078 was a single-center, randomized,
double-blind phase Ib clinical trial to evaluate the safety and immu-
nogenicity of heterologous prime-boost vaccine regimens (NYVAC-B/
rAd5 vs. rAd5/NYVAC-B) in healthy, HIV-1-uninfected, Ad5 seroneg-
ative adult participants. All participants (75 received vaccine and 5
placebo) received 4 injections of NYVAC-B (NYVAC vector contain-
ing HIV-1, . gp120 and HIV-1  gag-pol-nefat a dose of 1 x 107 PFU),
rAd5 (HIV-1rAd serotype 5 [rAd5] vector vaccine VRC-HIVADVO014-
00-VP [HIV-1 Gag-Pol fusion; HIV-1 HIV-1

HXB2/Bal’ and

HXB2/NL4-3 92RW020?
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HIV-1_,..., Env] at 3 different doses [1x10'°,1x10% and 1x 108 PFU]),
NYVAC-B placebo (0.9% NaCl), or rAd5 placebo (final formulation
buffer [FFB]), according to the randomized treatment assignment,
as a 1-ml intramuscular injection in the nondominant deltoid. The
randomization sequence was obtained by computer-generated ran-
dom numbers and provided to the site by a central data monitoring
center; randomization was not stratified and was done in 5 blocks of
size 16. The pharmacist at the Lausanne site with responsibility for
dispensing the appropriate vaccine was responsible for maintaining
the security of the randomization code and did not participate in the
clinical assessment of participants. To maintain blinding, the pharma-
cist placed an overlay on the syringe containing the study products.
The vaccination schedule and distribution into 4 treatment groups are
described in Table 1.

Immune responses were measured at visits 2 (baseline), 10
(2 weeks after the fourth [final] immunization scheduled at month
6), and 13 (6 months after the fourth immunization). Of the 80 par-
ticipants, at visit 10 there were 2 terminations, 1 missed visit, and 1
out-of-window sample collection; therefore, data from this primary
immunogenicity time point are available for up to 76 participants. At
visit 13, there were 2 terminations, and 1 sample was not collected.

Sample size calculation. Sample sizes for this study were primarily
powered for safety evaluation. The sample size of 30 vaccine recipients
in group 1 and 15 vaccine recipients per group in groups 2-4 provided a
90% chance of observing at least 1 serious AE if the true rate of such an
event were at least 8% and 15%, respectively; there was a 90% chance
that we would not observe at least 1 serious AE if the true rate were no
more than 0.35% and 0.69%, respectively. The precision to estimate
immunogenicity was somewhat limited and therefore not a primary
objective of the study. For any observed response rate, the width of a
2-sided 95% confidence interval was at most 40% for group 1 and 55%
for groups 2-4. These later calculations assumed a 10% missing data
rate in immunogenicity endpoints for various reasons, including study
subjects terminating their participation in the study early, problems in
shipping specimens, or low cell variability of processed samples. Two
placebo recipients in group 1 and 1 per group in groups 2-4 were ran-
domized in each group for the purpose of blinding in the assessment of
safety and immunogenicity endpoints.

Sample processing. Serum for humoral assays was obtained from
serum-separating tubes (SSTs) and frozen at -80°C until use. Periph-
eral blood mononuclear cells (PBMCs) for cellular assays were iso-
lated and cryopreserved from heparin-anticoagulated whole blood
within 6 hours of venipuncture, as described previously (35). PBMCs
were thawed and cultured overnight at 37°C, 5% CO, in R10 (RPMI
1640 [Gibco], 10% FBS [Gemini Bioproducts], 2 mM L-glutamine
[Gibco], 100 pg/ml streptomycin sulfate [Gibco], and 100 U/ml pen-
icillin G [Gibco]). The cells were then counted prior to stimulation
using the Guava ViaCount Kit (Millipore), according to the manufac-
turer’s instructions.

Binding antibody responses. Serum HIV-1-specific IgG responses
(1:50 dilution) against 6 HIV proteins (clades A, B, and C gp140; group
M consensus gp140; clade AE gp120 [A244gp120gDneg/293F/mon];
and clade B Gag p24) and 3V1-V2 antigens (AE.A244 V1-V2 Tags/293F,
C.1086C_V1.V2 Tags, and gp70_B.CaseA_V1V2) were measured 2
weeks after the fourth vaccination by a validated HIV-1-binding anti-
body multiplex assay (BAMA) as previously described (36). Antibody
measurements were acquired on a Bio-Plex instrument (Bio-Rad), and
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the readout was expressed as the mean fluorescence intensity (MFI).
The positive control in each assay was HIV-positive sera, and the neg-
ative control was HIV-negative human sera and blank beads. Sam-
ples with a blank bead MFI greater than 5,000 after 1 re-testing were
excluded. Samples were determined to be positive if both the MFI and
blank-subtracted MFI were more than 3-fold over the baseline MFI
and blank-subtracted MFI, respectively, and if the blank-subtracted
MFT values were above an antigen-specific cutoff that equaled the
antigen-specific average MFI plus 3 standard deviations of 60 sero-
negative plasma samples. Antibody titers were calculated for positive
responders using AUC (1:50 dilution, 5-fold titration series). Binding
antibody data were available for 76 participants.

Serum IgG (1:250 dilution) from a subset of those vaccinees with
the highest nAb responses were further epitope mapped at V2 and V10
using linear peptide microarrays, as previously described (37, 38).

nAb assay. nAbs against HIV-1 were measured as a function of
reductions in Tat-regulated luciferase (Luc) reporter gene expres-
sion in either TZM-bl cells or A3R5 cells. Serum samples were tested
2 weeks after the fourth vaccination (primary immunogenicity time
point) for their ability to neutralize Env variants that exhibited either
a highly sensitive tier 1 neutralization phenotype or a less sensitive
tier 2 neutralization phenotype that was more typical of most circu-
lating strains (39). Six tier 1 variants (clade B: MN.3, SF162.LS, Bal.26,
and Bx08; clade C: MW965.26; clade E: NP03.13) were assayed as
Env-pseudotyped viruses in TZM-bl cells to obtain 50% inhibitory
dose (ID,,) neutralization titers as previously described (40, 41). In
addition, 6 tier 2 Env-pseudotyped viruses (clade B: 6535.3, PVO.4,
QHO0692.42, RHPA4259.7; clade C: CAP45.2.00.G3 and TV1.21)
were assayed in TZM-bl cells using a single 1:10 dilution of serum
sample. Seven additional tier 2 variants (clade B: RHPA, SC22.3C2,
CH77; clade C: CAP45.2.00.G3, Cel086 B2, Cell76 A3, Dul51.2)
were assayed as Env.IMC.LucR viruses (42) using a single 1:10 dilu-
tion of serum in the more sensitive A3R5 cell line (43). Both assays
have been formally optimized and validated (44, 45) and were
performed in compliance with good clinical laboratory practices
(GCLPs). Responses against tier 1 viruses were considered positive if
the titer was greater than or equal to 10, where a titer was defined as
the serum dilution that reduced the relative luminescence units (RLU)
by 50% relative to the RLU in the virus control wells (cells plus virus
only) after subtraction of the background RLU (cells only). Responses
against tier 2 viruses were considered positive if the percentage of
neutralization at the single tested serum dilution was greater than or
equal to 50%, where the percentage of neutralization was determined
by calculating the difference in average RLU between test wells con-
taining postimmune samples and test wells containing preimmune
samples from the same participant. At the primary immunogenicity
time point, data for nAbs against tier 1 viruses were available from
76 participants for BaL.26, Bx08.16, MW965.26, and SF162.LS; 75
participants for MN.3; and 42 participants for NP03.13. Data for nAbs
against tier 2 viruses at the primary immunogenicity time point were
available from 71 participants for A3R5 and 33 participants for TZM-bl.
In addition, serum samples from 75 participants at 6 months after the
fourth vaccination (longevity time point) were tested for nAbs against
MN.3 in the TZM-bl assay.

VISR. HIV infection was assessed at multiple time points during
the study (months 3, 6, 9, and 12) using the HVTN in-study diagnostic
algorithm, which uses a single EIA test, the Bio-Rad Genetic Systems
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HIV 1/2 Plus O EIA. VISR was assessed at the end of the study (month
12, i.e., 1 year following enrollment) using a diagnostic algorithm that
included 3 different EIA tests: Abbott Architect HIV Ag/Ab Combo,
Bio-Rad Genetic Systems HIV 1/2 Plus O EIA, and Bio-Rad Multispot
HIV-1/HIV-2 Rapid Test. Both diagnostic algorithms require Western
blotting (Bio-Rad Genetic Systems HIV-1 Western Blot) and RNA PCR
(Abbott m2000 HIV-1 Real-Time PCR) to be run on samples that have
a reactive EIA to distinguish vaccine-induced responses from actual
infection. VISR data were available for 74 participants for the 3 EIAs
and 26 participants for Western blotting.

ICS assay. ICS was performed on cryopreserved PBMCs by flow
cytometry to examine HIV-1-specific vaccine-induced CD4* and
CD8* T cell responses at 2 weeks after the fourth (last) vaccination.
Cytokine production was assessed after stimulation with potential
T cell epitope (PTE) global peptide pools (46) representing 15-mer pep-
tides from Gag, Nef, Pol, and Env (Bio-Synthesis) at 1 pg/ml as previ-
ously described (32, 47). The 6-hour stimulation included brefeldin A
(10 pg/ml; Sigma-Aldrich) and anti-CD28/anti-CD49d (each at 1 pg/ml;
BD Biosciences). Staphylococcal enterotoxin B (SEB) (Sigma-Al-
drich) was used as a positive control, and peptide diluent (DMSO at
a final concentration of 1%) was used as a negative control. Cells were
stained with LIVE/DEAD Fixable Aqua Dead Cell Stain (Invitrogen),
then fixed, permeabilized, and stained intracellularly with fluores-
cently labeled antibodies against CD3, CD4, CD8, IFN-y, IL-2, TNF-a,
granzyme B, CD57, and perforin (32). Data were acquired on an LSRII
(BD Biosciences) and analyzed using Flow]Jo software (Tree Star Inc.).
Positivity of the ICS responses of individual cytokines or cytokine
combinations was determined by a 1-sided Fisher’s exact test applied
to each peptide pool-specific response versus the negative control
response, with a discrete Bonferroni adjustment for the multiple com-
parisons due to testing against multiple peptide pools. Peptide pools
with adjusted Pvalues less than o= 0.00001 were considered positive.
If at least 1 peptide pool for a specific HIV-1 protein was positive, then
the overall response to the protein was considered positive (47). Data
were filtered if background responses (DMSO control) were greater
than 0.1% cytokine secretion, or if fewer than 5,000 events occurred
within the CD4* or CD8" T cell subpopulations. Data were available
for 76 participants for CD8* T cell responses; data for 1 participant
were filtered due to a high background for CD4" T cell responses.

Statistics. For samples to be included in the immunogenicity
evaluation of the tested vaccine regimens, their corresponding blood
draw date had to be within the allowable visit window specified by
the protocol. Confidence intervals for response rates were calculated
with the score test method (48). Fisher’s exact tests and Wilcoxon
rank-sum tests were used to compare response rates and response
magnitudes among vaccine groups. The Cochran-Armitage trend test
(49, 50) for response rates and the Jonckheere-Terpstra test (51) for
response magnitudes were used to assess the effect of increasing Ad5
dosages among Ad5, /NYVAC and Ad5, /NYVAC groups on vaccine-
induced immune responses. Two-sided P values adjusted by the Holm
method (52) were reported for the primary immunogenicity endpoint
(ICS). Two-sided P values without any multiplicity adjustment were
reported for all other exploratory immunogenicity endpoints, and a
P value of less than 0.05 was considered significant. Box plots were
used to summarize the distribution of various immune responses,
where the mid-line of the box denotes the median, and the ends of
the box denote the 25th and 75th percentiles, with whiskers extended
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to the extreme data points that are no more than 1.5 times the inter-
quartile range or, if no values meet this criterion, to the data extremes.
Where there are both positive and negative responses, these summa-
ries in the box plots refer to the positive responses.

Magnitude and breadth (MB) plots (53) were used to display the
potency and breadth of nAb responses over a panel of viruses. The x
axis of an M-B curve represents the threshold of neutralization that was
considered positive, and the y axis represents the fraction of isolates
neutralized. The AUC-MB was calculated as the average of the log,,
nAb titer over the panel of isolates. The Wilcoxon rank-sum test was
used to test for a difference in AUC-MB distribution between 2 inde-
pendent groups. Similar MB curves were used to compare responses
in the Vax003, Vax004, and RV144 HIV-1vaccine efficacy trials (54).

Study approval. The study protocol was approved by the institu-
tional ethics committee of the Centre Hospitalier Universitaire Vau-
dois (CHUV) (Lausanne, Switzerland) and by Swissmedic, the Swiss
Agency for Therapeutic Products (Bern, Switzerland). All study partic-
ipants provided written informed consent prior to participation.
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