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Abstract

Plasmid DNA vaccines have been licensed for use in domesticated animals because of their
excellent immunogenicity, but none have yet been licensed for use in humans. Here we report a
retrospective analysis of 1218 healthy human volunteers enrolled in 10 phase | clinical trials in
which DNA plasmids encoding HIV antigens were administered. Elicited T-cell immune
responses were quantified by validated intracellular cytokine staining (ICS) stimulated with HIV
peptide pools. HIV-specific binding and neutralizing antibody activities were also analyzed using
validated assays. Results showed that, in the absence of adjuvants and boosting with alternative
vaccines, DNA vaccines elicited CD8+ and CD4+ T-cell responses in an average of 13.3% (95%
Cl: 9.8% to 17.8%) and 37.7% (95% CI: 31.9% to 43.8%) of vaccine recipients, respectively.
Three vaccinations (versus 2) improved the proportion of subjects with antigen-specific CD8+
responses (p=0.02), as did increased DNA dosage (p=0.007). Furthermore, female gender and
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participants having a lower Body Mass Index were independently associated with higher CD4+ T-
cell response rate (p=0.001 and p=0.008, respectively). These vaccines elicited minimal
neutralizing and binding antibody responses. These findings of the immunogenicity of HIV DNA
vaccines in humans can provide guidance for future clinical trials.

HIV; DNA vaccine; clinical trial; immune response

INTRODUCTION

Prevention of HIV-1 infection is a high priority for control of the HIV pandemic. The most
cost-effective method to prevent HIV infection remains the development of an effective
vaccine. DNA vaccines are relatively straightforward to construct, store and deploy globally.
In preclinical studies, they elicit strong and sometimes protective immune responses against
viruses, bacteria, parasites, autoimmune diseases, and cancer [1-5]. Various DNA vaccines
have been licensed for use against West Nile virus in horses, melanoma in dogs, and
infectious hematopoietic necrosis virus in salmonid fish. However, no DNA vaccine has
been licensed for human use due in part to historically relatively poor immunogenicity.
Whether DNA vaccines will be part of a multiple vaccine regimen for HIV is still an open
question.

Individual trials have had limited sample sizes and have applied laboratory measurements of
immunogenicity that are not readily comparable. The NIAID-supported HIV Vaccine Trials
Network (HVTN) has performed 10 phase I or |1 trials of candidate DNA vaccines in which
HIV-specific immunogenicity was examined using validated intracellular cytokine staining
(ICS), interferon-y enzyme-linked immunospot (IFN-y ELISpot), binding antibody, and
neutralizing antibody assays [6—12]. This report summarizes the experience with the 1218
human volunteers, who received DNA expressing HIV protein(s) or placebo, and examined
potential factors that affect immunogencity.

MATERIALS AND METHODS

Criteria for trial selection

A retrospective analysis of 10 HVTN trials that included plasmid DNA vaccines encoding
one or multiple HIV-1 genes was performed (Table 1). Only trials with ICS and ELISpot
assays performed at HVTN laboratories were selected to minimize laboratory variability in
our analyses. All trial protocols and informed consent documents were approved by
Institutional Review Boards. All trial participants provided informed consent.

DNA vaccines

The plasmid DNA vaccines were designed by: Vaccine Research Center (VRC) of NIAID
(Bethesda, MD), 4-plasmid or 6-plasmid mixtures; Wyeth Vaccine Research (Pearl River,
New York); Pharmexa Inc. (San Diego, CA); and PENNVAX® (University of Pennsylvania,
Philadelphia, PA, and Inovio Pharmaceuticals, Inc., Blue Bell, PA). The vaccine dosages
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ranged from 1.5-6mg, and inserts included different combinations of gag, pol, nef, env, and
CTL epitopes (Table 1). The DNA vaccines were administered intramuscularly (IM) via
needle with or without electroporation using the CELLECTRA® device (Inovio
Pharmaceuticals, Inc.), or by a needleless device, Biojector®2000 (BJ; Bioject Medical
Technologies, Inc.; Table 2).

In some trials, separate DNA plasmids encoding IL-2 (HVTN-044), IL-12 (HVTN-060,
-063, -070, -080), or IL-15 (HVTN-063, -070) were also used as adjuvants. Also, in 6 trials,
protein or viral vector vaccines were administered as boosts after DNA priming
(HVTN-052, -060, -064, -068, -069 -204). To focus on host and DNA vaccine factors that
potentially influence immunogenicity, data from trial arms with adjuvants or time points
after viral vector or protein boosts were excluded.

T-cell response evaluation

Either ICS or ELISpot or both were performed using HVTN validated assays with
cryopreserved peripheral blood mononuclear cells (PBMC). PBMC were isolated and
cryopreserved using standard procedures as described [13]. PBMC were thawed, rested
overnight, and were stimulated as described [14,15] with pools of overlapping HIV-1 15-
mer peptides for Env, Gag, and Nef (covering the most frequent potential T-cell epitopes
(PTE-g) [16] for all studies except for HVTN 060/063 for which peptides based on a clade B
consensus sequence were used (Biosynthesis, Lewisville, TX).

IFN-y ELISpot assays were performed using a standardized, validated, bulk assay as
described [17]. The ICS assays used were modified over time to expand the number of
functional markers measured, however, the primary cytokine measure of CD4+ or CD8+ T
cells producing IFN -y and/or interleukin-2 was cross-validated for all versions of the assay
[14,15].

Antibody response evaluation

Available binding antibody and neutralizing antibody responses ere analyzed from 7 and 4
protocols, respectively. Binding antibody titers were performed using validated ELISA; anti-
Gag and anti-Env binding Ab responses were determined as described [18,19]. Neutralizing
antibody titers were performed with tier 1 Env-pseudotyped viruses of subtype B HIV-1in a
validated TZM-bl assay as described [20].

Statistical analysis

The immunogenicity endpoint was the binary immune response at 2 weeks post-final DNA
vaccination. If there were no data available at that time point, the closest time point (such as
4 weeks post-final DNA vaccination) was included in the analysis. The response rate was
defined as the proportion of participants who had a positive response to one or more
peptides.

ICS assay positivity was determined by comparing the percentage of T cells making IL-2
and/or IFN-y between the experimental and negative control wells using a one-sided
Fisher’s exact test, with a Bonferroni multiplicity adjustment for the number of stimulation
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peptide pools [21]. Responses to any peptide pool with adjusted p-values <0.00001 were
considered as positive. ELISpot assay positivity was determined using a published method
[22]. Because each protocol used different HIV-1 antigens for antibody assays, to
accommodate all data, “any response” was used, which is defined as 1 if a study participant
had a positive response to any antigen, and 0 for no response to all antigens.

For analyses evaluating factors that may affect the immune response, data from 3 studies
(HVTN- 060, -063, -064) that demonstrated no T-cell immunogenicity (Table 2) were
excluded. The response rate and 95% confidence interval of data pooled across protocols
were calculated using the score method [23]. The response rate differences by gender, age
(categories: 18-30, 31-40, 41-50), and body mass index (BMI) (category: <25, 25-29, =30)
were evaluated using Fisher exact test or chi-squared test, and a logistic regression model
was fit to control for dose, and number of vaccinations.

The number of vaccinations was modeled as a continuous variable, as the data are too sparse
for a fitted model. The interactions between gender and BMI, gender and age were not
included because the interactions were not statistically significant and the estimations of
interaction terms were unstable due to sparseness of the data. P-values <0.05 were
considered statistically significant. No adjustment for multiple testing was performed.

Characteristics of the plasmid DNA vaccine clinical trials

We analyzed 10 trials including 918 vaccine recipients and 300 placebo recipients. The
immunologic outcomes measured by ICS, IFN-y ELISpot, and antibody assays and the
number of participants examined are shown in Table 1. Most DNA vaccines were mixtures
of multiple plasmids, but 2 trials employed a single HIV gene (gag; HVTN-060 and -063),
and one was comprised of multiple discrete CTL epitopes (HVTN-064). DNA dosages
ranged from 1.5-6mg per participant per vaccination and the number of subjects who
received each dosage varied from 10 (3mg dose) to 400 subjects (4mg dose) (Table 2).

DNA vaccines stimulated greater CD4+ than CD8+ T-cell responses

HIV-specific CD4+ T-cell response rates were more frequently detected than that of CD8+
T-cell response in all studies (except those that had no response) as determined by ICS. The
positive rates were on average 37.7% (Cl: 31.9, 43.8) and 13.3% (ClI: 9.8, 17.8) for CD4+
and CD8+ T cells, respectively (Table 2). Among Env, Gag and Pol peptide pools tested, the
average response rate of CD4+ T cells was higher to Env at 35% (CI: 29, 41.5) than to Gag
(11.8%; CI: 8.2, 16.8) and Pol (6.4%; CI: 3.8, 10.4) (data not shown).

Results of IFN-y-ELISpot assays were comparable to ICS results. Among Env, Gag and Pol
peptide pools tested by this assay, the average response rate was higher to Env at 38.1% (CI:
31.2, 45.4) and lower to Gag (4.6%; CI: 2.5, 8.3) and Pol (4.5%; CI: 2.3, 8.7) for CD4+ T
cell, whereas Nef-specific responses were negligible among all participants (data not
shown).
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The effect of the number of DNA vaccinations on cellular immunogenicity

Among the 7 trials with positive T-cell responses, the effect of number of DNA vaccinations
showed no difference among 2, 3, or 4 vaccinations for CD4+ T cells, each having a modest
response rate of approximately 40%. However, for CD8+ T cells that had a lower response
rate, responses were detected more frequently after 3 vaccinations as compared to 2
(p=0.007, Fig. 1). The multivariate logistic regression analysis after adjusting for other
factors showed similar results (Table 3). Of note, this effect of number of vaccinations was
observed for IM delivery by BJ only, comparative data was not available for delivery by
needle/syringe with or without electroporation.

The effect of DNA vaccine administration mode on cellular immunogenicity

T-cell responses were seen in all studies that employed vaccine delivery by BJ. Participants
in HVTN-068, which investigated the 4-plasmid VRC vaccine administered twice by BJ had
an average response rate of 42.9% (ClI: 24.5, 63.5) and 4.8% (CI: 0.8, 22.7) for CD4+ and
CD8+ T cells, respectively [6]. Similarly, participants in HYTN-204 who received the 6-
plasmid VRC vaccine 3 times by BJ had an average response rate of 66.7% (Cl: 47.8, 81.4)
and 24.1% (Cl: 12.2, 42.1) for CD4+ and CD8+ T cells, respectively [7]. In comparison,
participants who received DNA vaccines IM via needle/syringe had less frequent positive
CD4+ and CD8+ T cell responses (HVTN-060, -063, -064 had no responses, while 38.5%
[Cl: 22.4,57.5] and 7.4% [CI: 2.1, 23.4] of those in HYTN-070 had CD4+ and CD8+ T-cell
responses, respectively) [8-12]. Only HVTN-080 used EP to deliver vaccine, and showed
higher response rates for both CD4+ [44.4% (Cl: 18.9, 73.3)] and CD8+ [33.3% (CI: 12.1,
64.6)] T cells (Table 2) [10].

The effect of DNA dosage on cellular immunogenicity

The amount of DNA administered ranged from 1.5 to 6 mg/injection (Table 2). Immune
responses were absent in recipients of 1.5 mg of DNA in HYTN-060 and -063, but were
similar among recipients of the 3, 4 and 6mg/doses in other trials. Of note, the vaccines that
were given at the lowest dose (1.5 mg) were also composed of a plasmid encoding a single
HIV protein (partial-length Gag). However, responses to Gag were detected among
recipients of the VRC 4-plasmid and 6-plasmid vaccines, in which the doses of DNA-gag in
the mixtures were approximately 1mg and 0.67mg, respectively, suggesting the lack of
response in HYTN-060 and -063 was due to the product rather than the dose of DNA-gag.
There is one exception for dosages of 3mg or more: in HVTN-064, a 4mg DNA vaccine
encoding multiple CTL epitopes failed to induce any detectable responses, which was
consistent with its poor immunogenicity in another clinical trial [9]. A multivariate logistic
regression analysis across the 3-6mg dose range did not confirm a higher dose of DNA
being associated with significantly higher T-cell response rates (Table 3).

The effect of gender, BMI, and age on cellular immunogenicity

Female gender was associated with a higher HIV-specific CD4+ T-cell response ratethan
male (p=0.002), but not for CD8+ T cells (Table 4). Similarly, participants with a lower
BMI (BMI<25) had a higher response rate for CD4+ T cells than those with higher BMI
(BMI1=30) (p=0.02), but again not for CD8+ T cells (Fig. 1). Both trends were confirmed in
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the multivariate logistic regression analysis (Table 3). The interaction between gender and
smaller BMI is not statistically significant for CD4+ T-cell responses in the logistic
regression analysis, suggesting both factors are independently associated with a better CD4+
T-cell response. In addition, the 31-40 age group has a favoring effect on the CD4+ T-cells
response rate (p=0.041), but again, not for CD8+ T cells (Table S1). This was also seen in
the logistic regression analysis (Table 3).

Antibody responses elicited by DNA vaccines

The primary objectives of these DNA vaccine trials were to prime T-cell immune responses,
however, neutralizing and binding antibody responses were also analyzed as secondary
objectives in 4 (HVTN-044, -052, -070, -080) and 7 studies (HVTN-044, -052, -060, -063,
-069, -070, -080), respectively. There were very little vaccine-elicited neutralizing or
binding antibody responses detected in any study (Table S2 & S3). Only in HVTN-044,
which utilized an additional multiplex binding antibody assay with in-vitro antigens closely
matched to the immunogen, 56% of subjects had measurable antibody responses to envelope
[12].

DISCUSSION

Analysis across 10 DNA vaccine trials revealed that a number of factors affect T-cell
responses. Overall, CD4+ T-cell responses was demonstrated in 60—70% individuals in
some trials, but CD8+ T-cell responses were typically only detected in <25% of individuals.
Factors influencing an improved response to vaccination included receipt of at least 3 doses
and at least 3mg of DNA per dose. In addition, host factors of female gender and lower BMI
were associated with improved responses. While binding antibodies could be demonstrated,
antibody responses to HIV envelope proteins appeared to be less frequent than T-cell
responses to envelope.

Both dose and the number of vaccinations appeared to influence T-cell responses, in
agreement with smaller phase | studies using either HIV or HBV DNA vaccines in which a
higher dose was more immunogenic, and boosting had more effect at elevating a weaker
CD8+ T-cell response than a relatively stronger CD4+ T-cell response (24,25).

Also, the combined data suggested that intramuscular delivery by BJ may be superior to
injection by needle and syringe, in agreement with a previous malaria DNA vaccine phase |
study, where BJ IM elicited more IFN-y responders than needle IM (26). The HVTN-070
and HVTN-080 trials clearly demonstrated the impact of CELLECTRA® EP in enhancing
DNA vaccine CD4+ and CD8+ T-cell responses, either by itself or in combination with a
cytokine plasmid adjuvant. When supplementing HI\VV DNA delivery with electroporation
and IL-12 DNA plasmid in HVTN-080 approximately 80% of vaccinees had HIV-specific
CD4+ responses and 50% for CD8+ after 3 vaccinations (Table 2 does not include groups
that received cytokine adjuvants) [10]. This finding is supported in another clinical trial
using an HPV vaccine with CELLECTRA® EP [27]. Unfortunately, in our studies, the total
number of participants who received vaccine by EP was insufficient for a direct comparison
to those who received DNA delivered by BJ.

Vaccine. Author manuscript; available in PMC 2016 May 11.
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We also explored the influence of gender, BMI, and age on the immunogenicity outcomes.
Female gender and lower BMI were found to be associated with higher CD4+ T-cell
response rates than male gender and persons with a higher BMI. This is consistent with
previous studies showing that in comparison to those with normal body weight, overweight
adults had poorer responses to hepatitis A and B vaccinations [28], reduced response to
influenza vaccination [29,30], and less robust cellular immune responses to exogenous
stimulation by mitogens [31]. This BMI effect may be related to better cellular uptake for
IM administered vaccines or other physiological factors that currently are unclear. Similarly,
the gender effect could be related to multifactorial determinants that are yet to be
determined. While DNA vaccines have been known to stimulate robust immune responses in
small animals and nonhuman primates [1,32,33], they have been less immunogenic in
humans. When comparing the T-cell response rates in these human trials to the similar
prototype constructs evaluated in non-human primates, the T-cell response rates in non-
human primates were 80-100% [34-36] compared to 0-67% in human trials. In an outbred
human population, factors such as high BMI may help explain some of the differences
between animals and humans. It is possible that DNA vaccines may be more immunogenic
in children with their generally lower BMI and should be considered for use in this
population. The precise mechanism of how higher BMI affects CD4+ T-cell responses to
vaccination is unknown, but obesity has been associated with altered cytokine production,
altered monocyte and lymphocyte function, and reduced macrophage and dendritic cell
function [37-40]

Because of the complexity of data analysis and interpretation of results, we opted not to
address the effect of boosting with other vaccine types and co-administration of adjuvants.
Recent human data, however, suggests that DNA priming can help shape what may be a
more desirable profile of antibody and T-cell responses after boosting with MVA- or Ad5-
vectored candidate HIV vaccines [8,41,42]. Furthermore, it appears that co-administration of
DNA vaccines with adjuvants can augment immune responses [12,42]. Indeed, the use of
plasmid DNA vaccines as a prime in combination vaccine regimens has become a common
practice over the past decade and all 10 trials analyzed here employed DNA vaccines as a
prime in a prime-boost regimen or combined with plasmids expressing cytokine adjuvants.

While previous experience has shown that DNA vaccines by themselves have not been
highly immunogenic in humans, HIV-specific CD4+ T-cell responses were seen in up to
two-thirds of study participants who received DNA vaccines in recent HVTN trials, perhaps
explained in part by improved modes of delivery (i.e., IM via Biojector or with
electroporation) and an evolving understanding of how to construct plasmids to increase
immunogenicity.

To our knowledge, this is the first time that immunogenicity assessed by standardized
laboratory assays from a variety of DNA vaccines has been analyzed in such a large number
of healthy human volunteers, allowing us to explore additional features that might influence
their immunogenicity, such as dose, schedule, and characteristics of the vaccine recipient.
One limitation is that the associations (or lack of) observed in our retrospective analyses
may be due to confounding factors such as different trial design and insufficient subject
number for comprehensive comparison between the effect of 2, 3, and 4 vaccinations and
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between IM and BJ mode of vaccine delivery. Despite these difficulties in retrospective data
analysis, we have made some tantalizing findings that may need to be formally verified in
prospective studies in the future. Despite the noted caveat, these findings can be instructive
in interpreting and assessing differences in immune profiles in animals vs. humans,
designing future DNA vaccine candidates for HIV and other pathogens, and identifying
optimal vaccination regimens with respect to mode of immunogen delivery and frequency of
vaccination.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. T-cell response rates in relation to the number of vaccinations
CD4+ and CD8+ T-cell responses were measured using intracellular cytokine staining assay

for IFN-y and IL-2. The total number of subjects included for CD4 and CD8 responses are
220 and 238, respectively. The number of subjects who completed 2 vaccination are 49 and
50 for CD4 and CD8 cell groups, respectively; 3 vaccinations are 145 and 161 for CD4 and
CD38 cell groups, respectively, and 4 vaccination are 26 and 27 for CD4 and CDS8 cell
groups, respectively. The p-values were determined two-sided Fisher exact test (n.s.: no
significance).
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Figure 2. BMI affects vaccine elicited HIV-specific human CD4+ T-cell responses, but not CD8+
T-cell responses

In 7 clinical trials that demonstrated vaccine-elicited immune responses, the distribution of
T-cell responses were plotted by low (BMI < 25), medium (25 < BMI <30) and high groups
(BMI = 30). Results show that BMI affects the CD4+ T-cell response more than the CD8+
T-cell response. Results show that BMI significantly affects the CD4+ T-cell response
between high and low BMI groups (p=0.02), but not for the CD8+ T-cell response (n.s.: no
significance).
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Odds ratio for T-cell response rate?

Table 3

Variables Estimated odd ratio  95% CI (Lower, Upper) p-value
CD4 response
Gender:
Male vs. female 0.38 (0.21, 0.68) 0.001
Age: 18-30 1 - -
31-40 157 (0.74,3.31) 0.24b
41-0 0.64 (0.31, 1.35) 0.24
BMI 0.92 (0.87,0.98) 0.007
Dose 0.74 (0.43,1.27) 0.27
Number of vaccinations 1.27 (0.66, 2.45) 0.47
CD8 response
Gender:
Male vs. female 1.83 (0.84, 3.99) 0.13
Age: 18-30 1 - -
31-40 0.96 (0.35, 2.65) 0.94¢
41-50 0.95 (0.37, 2.41) 0.91
BMI 0.96 (0.88, 1.04) 0.29
Dose 0.32 (0.14,0.71) 0.005
Number of vaccinations 4.78 (1.38, 16.61) 0.01

a . . _— - .
Determined using a multivariate logistic regression model.

bComparing to Age 41-50, Age 31-40 has estimated odd ratio 2.44 (95% CI: 1.01, 5.85, p-value: 0.047) for CD4

CComparing to Age 41-50, Age 31-40 has estimated odd ratio 1.02 (95% CI: 0.31, 3.34, p-value: 0.98 for CD8
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