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Virus diversity and escape from immune responses are 
the biggest challenges to the development of an effec-
tive vaccine against HIV-1. We hypothesized that T-cell 
vaccines targeting the most conserved regions of the 
HIV-1 proteome, which are common to most variants 
and bear fitness costs when mutated, will generate effec-
tors that efficiently recognize and kill virus-infected cells 
early enough after transmission to potentially impact 
on HIV-1 replication and will do so more efficiently than 
whole protein-based T-cell vaccines. Here, we describe 
the first-ever administration of conserved immunogen 
vaccines vectored using prime-boost regimens of DNA, 
simian adenovirus and modified vaccinia virus Ankara to 
uninfected UK volunteers. The vaccine induced high lev-
els of effector T cells that recognized virus-infected autol-
ogous CD4+ cells and inhibited HIV-1 replication by up 
to 5.79 log10. The virus inhibition was mediated by both 
Gag- and Pol- specific effector CD8+ T cells targeting 
epitopes that are typically subdominant in natural infec-
tion. These results provide proof of concept for using a 
vaccine to target T cells at conserved epitopes, showing 
that these T cells can control HIV-1 replication in vitro.
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INTRODUCTION
A safe, effective, accessible preventive vaccine against HIV-1 
infection will be key to any solution for the AIDS epidemic even 
in the context of the broader prevention landscape. Ideally, such 
a vaccine should induce broadly neutralizing antibodies and pro-
tective T cells at the same time,1 although either one of these arms 
alone, if effective, could have an impact on the epidemic.

The work presented here focuses on optimizing the anti–HIV-1 
T-cell response. CD8+ T cells exert their protective function by 

killing virus-infected cells and producing soluble factors with anti-
viral activities. Despite strong evidence that HIV-1–specific CD8+ T 
cells contribute to the control of HIV-1 replication during both acute 
and chronic phases of infection, it has been difficult to identify a sin-
gle phenotypic correlate of protection in humans.2 However, inhibi-
tion of HIV-1 replication in activated CD4+ T cells by autologous 
CD8+ T cells in vitro does correlate well with virus control in vivo.3–6

Vaccine-induced T cells and antibodies face the same two 
problems: trying to match the enormous variability of the infect-
ing HIV-1 and its subsequent ability to escape immune control 
by mutation.7 Attempts have been made to tackle these major 
challenges for an HIV-1 vaccine by assembling cocktails of immu-
nogens derived from multiple HIV-1 isolates8 or computing the 
most representative aa sequences7,9 Another rational approach 
is to design vaccine immunogens based on the most conserved 
proteins such as Gag,10–12 or better yet subprotein regions of the 
proteome, which are shared by the majority of HIV-1 variants and 
thus in principle provide a universal vaccine with potential for 
global deployment.13–17 It is known that escape mutations in many 
of these conserved regions will reduce the HIV-1 fitness.18–21 The 
challenge is that immune responses to these regions are typically 
subdominant and have to compete for recognition with rapidly 
changing (and therefore less protective), immunodominant epit-
opes.22 Furthermore, in virus infections, immunodomination can 
decrease the efficiency of T cells responding to subdominant epit-
opes both at the level of T-cell priming by antigen-presenting cells 
and recognition of HIV-1–infected targets by effectors.22

We have pioneered the targeting of conserved regions of the 
HIV-1 proteome by T-cell vaccines.16 We designed the immunogen 
HIVconsv based on the 14 most conserved subprotein domains of 
HIV-1 irrespective of known CD8+ T-cell epitopes. For each region, 
the consensus aa sequence alternates between the four major 
clades A, B, C, and D (Figure 1a). The gene coding for HIVconsv 
was inserted into plasmid DNA (pSG2.HIVconsv), nonreplicating 
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chimpanzee adenovirus type 63 (ChAdV63.HIVconsv) and non-
replicating modified vaccinia virus Ankara (MVA.HIVconsv).23 
Prior to clinical studies, we demonstrated safety24 and high immu-
nogenicity of the HIVconsv vaccines in mice and macaques.16,23,25,26 
Here, we report on the first evaluation of the three HIVconsv vac-
cines administered in heterologous prime-boost regimens to HIV-
1/2–negative volunteers in phase I trial HIV-CORE 002. We show 
that the vaccines were safe and elicited strong CD4+ and CD8+ 
T-cell responses, and that the CD8+ T cells recognized HIV-1–
infected autologous CD4+ cells and inhibited HIV-1 replication. 
These efficacy data encourage further clinical development of this 
approach to a T-cell stimulating vaccine against HIV-1.

RESULTS
HIVconsv vaccines induced high frequencies of HIV-
1–specific T cells
The humanized gene coding for the HIVconsv immunogen, which 
codes for the 14 most conserved regions of the consensus HIV-1 
Gag, Pol, Vif, and Env proteins (Figure 1a), had previously been 
prepared for vaccination as plasmid DNA, pSG2.HIVconsv (D), 
and vectored by chimpanzee adenovirus 63, ChAdV63.HIVconsv 
(C) and modified vaccinia virus Ankara, MVA.HIVconsv (M).16,23 
After manufacture to GMP standards, these vaccines were admin-
istered to healthy, HIV-1– and 2–uninfected, low-risk adults in 
Oxford, UK in a double-blind, block randomized phase I trial. 

In Group 1, 2 subjects received a single low dose of ChAdV63.
HIVconsv (c; Figure 1b) to assess vaccine safety as this was the 
first time that an HIV-1 vaccine delivered by any ChAdV vector 
was administered to humans. Ten volunteers were recruited into 
each of Groups 2–4, and received heterologous CM, DDDCM, 
and DDDMC regimens or placebo (Figure 1b) at a vaccine-to-
placebo ratio of 4:1. All vaccines were very well tolerated and 
induced only mild-to-moderate local or systemic reactions; there 
were no serious vaccine-related adverse events. The safety data 
will be reported in a separate manuscript.

As the primary immunological read out, HIVconsv-specific 
T cells were enumerated using a standardized interferon (IFN)-γ 
enzyme linked immunoabsorbent spot (ELISPOT) assay, whereby 
freshly isolated peripheral blood mononuclear cells (PBMC) were 
stimulated with 199 15-mer peptides overlapping by 11 aa (15/11) 
representing the entire HIVconsv immunogen, divided into 6 
pools of 32–33 peptides (Figure 1a). All (100%) vaccine recipients 
responded to the c, CM, DDDCM, and DDDMC regimens with 
median (range) peak total, i.e., sum of pools 1–6, net frequen-
cies of 443 (295–590), 5,150 (1,475–16,510), 5,790 (1,670–7,960), 
and 2,035 (380–2,550) spot-forming units (SFU)/106 PBMC, 
respectively (Figure 2). These were unprecedented high levels of 
postvaccination T-cell responses to HIV-1 peptides. None of the 
blinded placebo recipients responded. A number of other obser-
vations were made. First, the DDD priming before ChAdV63.
HIVconsv increased the median (range) peak response from 
630 (330–1,470) to 1,550 (390–4,345) SFU/106 PBMC (C versus 
DDDC: not significant). Second, the highest responses after CM 
were detected uniformly after 1 week, while after DDDCM varied 
between 1 and 8 weeks after the MVA.HIVconsv administration 
implying an effect of DNA priming on effector recruitment. The 
peak frequencies between DDDCM and DDDMC regimens were 
significantly different (P = 0.006 after Bonferroni correction).

The prevaccination mock-stimulated background mean 
frequency was 20 SFU/106 PBMC, elevated slightly because 
of two volunteers with increased backgrounds, and similar to 
the responses seen repeatedly in the blinded placebo controls 
(Supplementary Figure S1). For all volunteers, frozen samples at 
1 week after the last vaccination were retested in the International 
AIDS Vaccine Initiative reference laboratory and yielded fre-
quencies, which correlated very well with those obtained using 
the fresh samples (Spearman rank = 0.9156; P < 0.0001), but with 
a lower magnitude as expected for frozen and thawed samples 
(Supplementary Figure S2).

HIVconsv vaccine-elicited T cells were of broad 
specificities
We reasoned that a vaccine that targets multiple HIV-1 epitopes 
would provide the greatest barrier to immune escape, especially if 
these epitopes were derived from functionally conserved regions 
of the virus.12,27,28 Therefore, the breadth of HIVconsv-specific T 
cells was considered to be one of the critical parameters of the vac-
cine immunogenicity. Breadth was first indicated by the number 
of pools, to which individual volunteers responded in the ex vivo 
IFN-γ ELISPOT assay. Responses elicited by all three heterologous 
regimens were polyspecific and vaccine recipients in the CM and 
DDDCM groups recognized median (range) of 6 (5–6) HIVconsv 

Figure 1 The HIVconsv immunogen and trial design. (a) A schematic 
representation of the conserved region immunogen HIVconsv. Capital 
letters above bars indicate the clade used for the derivation of the con-
sensus aa sequence for each conserved segment.16 Below are the regions 
of the HIVconsv protein covered by overlapping 15/11 peptide pools 
used in enzyme linked immunoabsorbent spot (ELISPOT) and intracellu-
lar cytokine staining (ICS) immunological assays. HIV-1 protein origin of 
conserved regions are color-coded with navy blue indicating Mamu-A*01 
and H-2Dd–restricted T-cell epitopes, and mAb Pk tag added to facilitate 
protein detection. (b) Trial design. Four immunization schedules used in 
the HIV-CORE 002 clinical trial are shown, whereby c and C are low and 
regular doses of ChAdV63.HIVconsv, respectively, D is pSG2.HIVconsv 
DNA, M is MVA.HIVconsv and P is placebo. The vaccine-to-placebo ratio 
was 4:1. Note that a longer gap of 8 weeks was used after the ChAdV63.
HIVconsv administration before MVA.HIVconsv boost.50
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pools (Figure 3). For these two regimens, a cultured IFN-γ 
ELISPOT assay on week-28 samples was employed to confirm 
proliferative capacity and expand T-cell numbers prior to testing 
individual peptides. An average of 13 stimulatory peptides cover-
ing an estimated 10 epitopes per vaccine recipient was found. 60% 
of these responses were to peptides that contained known CD8+ 
T-cell epitopes matching the volunteers’ human leukocyte anti-
gen (HLA) types (Figure 4), while ~40% had not been described 
previously. 20% of responses were specific for junctional peptides 
spanning two adjacent conserved regions. No T-cell responses to 
HIVconsv-derived peptides were identified in the blinded placebo 
recipients. Thus, the vaccines induced broadly specific T cells 
against conserved HIV-1 epitopes that are normally, i.e. in natural 
infection, immunologically subdominant.

HIVconsv vaccine-elicited CD4+ and CD8+ T cells 
were polyfunctional
Multicolor flow cytometry analysis was performed to assess 
the functionality of vaccine-elicited T cells in terms of produc-
tion of IFN-γ, tumor necrosis factor (TNF)-α, and interleukin 
(IL)-2, and degranulation (CD107a). Samples were chosen from 
time points that were at or close to the peak of the ELISPOT 
response. Responses to individual peptide pools confirmed the 
broadly specific responses observed in the IFN-γ ELISPOT assay 
(Supplementary Figure S3a). For total IFN-γ and TNF-α, the 
medians varied significantly among the groups (P < 0.012) and 

some pairwise comparisons with control reached significance 
(Supplementary Figure S3b). Separately, frozen PBMC from the 
CM group were restimulated with HIVconsv peptide Pools 1–6 for 
2 days and IFN-γ, TNF-α and β, GM-CSF, MIP-1β (CCL4), and 
IL-2, -4, -5, -9, -10, -13, and -17a were quantified in the culture 
supernatant using the Luminex assay. This analysis showed that 
the responses induced by the HIVconsv vaccines were more poly-
functional than the intracellular cytokine assay alone suggested. 
No responses were seen in samples from the blinded placebo 
recipients (Supplementary Table S1).

The ability to proliferate to recall antigens is an important 
feature of protective memory T cells. Vaccine-induced T cells 
proliferated and produced IFN-γ in the cultured ELISPOT assay 
employed in the peptide mapping experiments. The carboxyfluo-
rescein succinimidyl ester (CFSE) dilution assay was used for the 
CM and DDDCM regimens to directly assess T-cell proliferation 
upon restimulation with HIVconsv peptides at the last time point 
of the clinical study, week 28. A robust proliferative capacity for 
both CD4+ and CD8+ T cells was detected, which was not sta-
tistically separable between the two regimens (Supplementary 
Figure S4).

HIVconsv vaccine-elicited T cells inhibited HIV-1 
replication in vitro
There is a danger that T-cell responses elicited by artificial pep-
tide-based immunogens might be specific for epitopes that are 

Figure 2 Vaccine-elicited frequencies of T cells recognizing conserved regions of HIV-1. Freshly isolated, unexpanded peripheral blood mono-
nuclear cells (PBMC) were stimulated with 6 pools of overlapping 15/11 peptide pools derived from the HIVconsv immunogen (Figure 1a) in an IFN-γ 
enzyme linked immunoabsorbent spot (ELISPOT) assay and the sums of net peptide Pool 1–6 frequencies are plotted for individual volunteers for 
each time point. S, screening visit maximum 2 weeks before vaccination. Timing of vaccine administrations is indicated below. Volunteers are color-
coded and boxed numbers identify placebo recipients. c and C are low and regular doses of ChAdV63.HIVconsv, respectively; D is pSG2.HIVconsv 
DNA; and M is MVA.HIVconsv.
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not naturally presented by HIV-1.29,30 This critical question was 
tested in a virus-inhibition assay (VIA), whereby vaccine-induced 
CD8+ T cells were tested for recognition of virus-infected autol-
ogous CD4+ T cells. PBMC were expanded in vitro for 7 days 
in the presence of bi-specific anti-CD3/CD4 antibodies to yield 
~90% pure CD3+CD8+ cultures. Autologous target cells were 
prepared by incubation of PBMC with bi-specific anti-CD3/CD8 
antibodies to yield 98% pure CD3+CD4+ cells, which were then 
infected with HIV-1. CD8+ T cells from every volunteer in the 
CM, DDDCM, and DDDMC groups were assessed at prevac-
cination and three postvaccination time points for inhibition of 
eight different HIV-1 isolates. These were ELI, CH077, CH106, 
247Fv2, ZA97012, U455, Bal, and Nef-mutated IIIB chosen for 
their availability and coverage of clades A, B, and C. Volunteers 
nos. 411 (CM) and 418 (DDDCM) inhibited the growth of 8 
and 6 out of the 8 tested viruses, respectively, with up to 105.79-
fold inhibition (Figure 5a). These two vaccinees had protective 
HLA types B*51:01 and B*27:05, respectively, although several 
other volunteers with a narrower virus control had protective 
HLA alleles, too (Figure 4). Overall, 7/7, 3/8, and 5/8 vaccine 
recipients in the respective CM, DDDCM, and DDDMC groups 
inhibited both clade B (IIIB) and A (U455) viruses (Figure 5b). 
For many CM controllers, their suppressive activity was main-
tained for 20 weeks after vaccination. There was no obvious link 
between the replicative capacity of individual virus isolates in 
different volunteers’ CD4+ cells (Figure 6) and the virus inhi-
bition. No activity was detected in the prevaccination samples 
or placebo recipients. Therefore, the vaccination had induced 
CD8+ T cells capable of recognizing HIV-1–infected cells and 
inhibiting virus replication in vitro. This is the first evidence 
that in-natural-infection subdominant T cells recognizing con-
served epitopes can control HIV-1 replication in vitro if they are 
induced strongly enough by a vaccine.

Both Gag- and Pol-specific CD8+ T-cell frequencies 
correlated with in vitro HIV-1 inhibition
Because protective CD8+ T-cell responses in infected patients 
are mostly specific for Gag,10–12 while Pol-specific responses are 
less common,31 we determined whether vaccine-induced Pol-
specific T cells were as effective in the VIA as those specific for 
Gag. Therefore, the bi-specific antibody-expanded CD8+ cells 
were also tested in the IFN-γ ELISPOT assay using peptide pools 
assembled separately for Gag, Pol, and Env+Vif HIVconsv regions. 
This analysis revealed stronger responses to Gag and Pol com-
pared to Env+Vif (Figure 7a), probably reflecting the relative rep-
resentation of these proteins in the HIVconsv immunogen. For all 
three regimens combined together, there were strong correlations 
between virus inhibition and the net frequencies of Gag- and, 
more strongly, Pol-targeted CD8+ T cells from the peak-response 
time points (Figure 7b). Also the total ex vivo IFN-γ ELISPOT 
assay frequencies correlated with in vitro peak inhibition of HIV-1 
replication for all CM, DDDCM, and DDDMC groups combined 

(clade A; r = 0.5124; P < 0.0053; Supplementary Figure S5). Thus, 
although Pol-specific responses are relatively uncommon in natu-
ral HIV-1 infection, CD8+ T cells with Pol specificity are perfectly 
capable of recognizing virus-infected cells and inhibiting HIV-1 
replication.

DISCUSSION
The use of prophylactic vaccination to focus early CD8+ T cells 
on the most conserved regions of the HIV-1 proteome could 
provide a critical advantage in ensuring a good match between 
vaccine and infecting virus, thus suppressing the breakthrough 
infection transmitted/founder viruses and their rapidly emerg-
ing escape mutants. This is strongly supported by recent analysis 
of T-cell responses and escape in acute HIV-1 infection.31 Here, 
we tested for the first time a conserved immunogen HIVconsv 
for its T-cell immunogenicity in a phase I clinical trial in HIV-
1/2–negative volunteers in the UK. This is a very important step 
forward, moving from promising preclinical observations in ani-
mals to detailed studies in humans, given that immune responses 
in experimental animals do not always predict how humans will 
respond.32–34 Furthermore, the study enabled us to ask whether 
vaccine-induced T cells could recognize HIV-1–infected autolo-
gous CD4+ T cells.

The gene coding for HIVconsv was delivered by combina-
tions of three nonreplicating vaccine vectors DNA (D), ChAdV-
63 (C), and MVA (M). The CM and DDDCM regimens appeared 
to be the most effective regimens and induced transgene-specific, 
IFN-γ–producing T cells, which (i) reached unprecedented high 
median total frequencies of 5.2 k and 5.8 k SFU/106 PBMC, 
respectively; (ii) included both CD8+ and CD4+ T-cell subpopu-
lations; (iii)  were broadly specific; (iv) produced multiple inter-
cellular signaling molecules; (v) proliferated to recall antigens; 
and (vi) showed efficacy in vitro by inhibiting HIV-1 replication 
in cultured autologous cells. Therefore, there is no doubt that the 
conserved region construct in combination with the delivery used 
here is strongly immunogenic, opening up this approach to coun-
tering HIV-1 variability and propensity to escape.

All volunteers in the main three groups were tested at four time 
points for inhibition of a panel of eight viruses representing the 
major clades. The first important conclusion from these experi-
ments is that chimeric immunogen HIVconsv made of consen-
sus clade sequences, which may not be present in natural isolates, 
elicited T cells that recognized HIV-1–infected cells. Second, it 
was encouraging to detect an overall correlation of ex vivo IFN-γ 
ELISPOT assay frequencies with virus inhibition (Supplementary 
Figure S5). Third, and importantly for this construct, Pol-specific 
CD8+ T-cell responses correlated as well as or better than the Gag-
specific responses with virus inhibition. This may be due to the 
larger representation of Pol relative to Gag in the HIVconsv protein. 
Preliminary experiments using short-term Pol peptide-expanded 
cell lines confirmed that these effectors can kill peptide-pulsed tar-
get cells (data not shown); assessment of killing of HIV-1–infected 

Figure 3 The breadth of vaccine-elicited T cells. Freshly isolated, unexpanded peripheral blood mononuclear cells (PBMC) were stimulated with 
Pools 1–6 of overlapping 15/11 peptides derived from the HIVconsv immunogen (Figure 1a) or the FEC (influenza virus, EBV, CMV) pool (color-
coded) in an IFN-γ enzyme linked immunoabsorbent spot (ELISPOT) assay and the net frequencies of cells specific for each pool are shown. S is 
screening visit. Volunteer numbers are shown above the graphs and boxed numbers indicate placebo recipients.
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Figure 4 Breadth of vaccine-elicited responses in groups CM and DDDCM. Stimulatory peptides were identified using a cultured IFN-γ enzyme 
linked immunoabsorbent spot (ELISPOT) assay and are shown as a heat map for individual vaccines. Frozen peripheral blood mononuclear cells (PBMC) 
from week time points were cultured for 10 days using HIVconsv Pools 1–6 and assayed using individual peptides. Numbers in each box show SFU/106 
of cultured cells. In the first column, peptide numbers are color-coded as for their origin: blue, Gag; pink, Pol; yellow, Vif; purple, Env. In the first and 
second columns, peptides containing a junction indication by a hyphen are shown on orange background. Black horizontal lines separate Pools 1–6. 
For volunteer no. 405, not enough cells were available for epitope mapping. Volunteers’ HLA class I types are shown on the top of the figure.
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cells is under way. This finding appears to contrast with many 
studies emphasizing the protective association with mainly Gag-
specific CD8+ T-cell responses and little or no protection asso-
ciated with Pol-specific CD8+ T cells.10–12 The relative scarcity of 
Pol-specific responses in acute and chronic infections31 has been 
attributed to low expression of Pol epitopes on virus-infected cells, 
but our results suggest that this might affect T-cell priming more 
than target cell recognition and that Pol, which is relatively con-
served, is a good target for vaccination. Indeed induction of strong 
Pol-specific responses would be a way in which a vaccine could 
improve on natural anti–HIV-1 responses.

It was intriguing that while T cells from two volunteers were 
able to inhibit most viruses, most of the others inhibited only the 

clade B and A viruses employed. The failure to inhibit all viruses 
could not be explained by differences in the virus replication 
potentials (Figure 6). For the HIV-1 IIIB isolate used here, inac-
tivation of Nef may have contributed to higher MHC class I cell 
surface density, making the infected cells better CD8+ T-cell tar-
gets. Optimal epitope mapping is under way and this will allow 
for their sequence comparison with the viruses employed in VIA. 
Few previous studies have compared different viruses in this type 
of assay and it is possible that virus isolates differ in their suscep-
tibility to inhibition by T-cell responses, possibly analogous to the 
tiers of virus sensitivity to antibody neutralization. Further studies 
will attempt to characterize the mechanism(s) of suppression in 
greater detail.

The level of virus inhibition in VIA we observed after vac-
cination is not as strong as that seen in PBMC taken ex vivo in 
HIV-1–infected people who control infection. This concurs with 
comparison of DNA/HAdV-5 vaccines with chronically infected 
patients.35 Given the good prospective correlations between 
strong virus suppression, delayed loss of CD4+ T cells and lower 
viral load set-point, VIA could be a highly clinically relevant assay 
for the assessment of the likely efficacy of CD8+ T-cell–inducing 
vaccines.6,35,36 Future vaccination strategies will focus on strength-
ening this effector function.

The frequencies of HIV-1–specific T cells induced by the vac-
cines were high and correlated with assays on the same samples 
by the International AIDS Vaccine Initiative reference laboratory. 
The level of response was considerably higher than the responses 
seen in the Step Study, which used a trivalent HAdV-5 vaccine 
delivering HIV-1 B clade Gag, Pol, and Nef, and failed to protect. 
Furthermore, the HIVconsv-specific responses were detected in 
100% of vaccine recipients and recognized an average of eight 
naturally subdominant HIV-1 epitopes, which originated from 
conserved regions common to many circulating viruses. This 
contrasts to the responses seen in the Step Study where only 77% 

Figure 5 In vitro HIV-1 inhibition by vaccine-elicited CD8+ T cells. 
(a) HIV-1 inhibition by two individuals with broad VIA activity. Eight 
available viruses employed in this assay are listed and color-coded on the 
right. Dotted lines show the highest background inhibition (1.3 log10). 
(b) HIV-1 inhibition by individual volunteers for the two most commonly 
inhibited viruses indicated above the graphs. Dotted lines show the 
highest background inhibition for each virus of all tested individuals. 
Boxed volunteer numbers indicate placebo recipients.
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Figure 7 Correlation of frequencies of Gag- and Pol-specific CD8+ effector cells with virus inhibition. (a) Peripheral blood mononuclear cells 
(PBMC) from pre- and three postvaccination time points were nonspecifically expanded by incubation with anti-CD3/CD4 bi-specific antibody and 
subjected to an IFN-γ enzyme linked immunoabsorbent spot (ELISPOT) assay using 4 pools of overlapping 15/11 peptides derived from Gag, 2 pools 
of Pol and Env+Vif. (The same cultured cells were used for virus-inhibition assay (VIA) shown in Figure 5.) Individual volunteers’ frequencies are color-
coded with boxed volunteer numbers indicating placebo recipients. (b) For the two most commonly inhibited viruses indicated above the graphs, 
correlations of nonspecifically expanded CD8+ effector frequencies specific for Gag, Pol, and Env+Vif with overall, i.e., by cells specific for Gag, Pol, 
Env, and Vif together, virus in vitro inhibition are shown for the peak inhibition time points. Red dots, CM; purple squares, DDDCM; blue triangles, 
DDDMC. For each correlation, Spearman rank (r) and P (two-tailed) values are shown.
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subjects responded, of whom 62% recognized only two to three 
epitopes, and the T-cell responses were often directed against more 
variable regions of the clade B virus resulting in a sieve effect that 
selected escape mutants in those subjects who were subsequently 
HIV-1 infected.37 Thus, HIV-CORE 002 responses appear to be 
both quantitatively and qualitatively different from those elicited 
by the vaccine used in the Step Study, which did not show any 
protective efficacy. Whether the responses elicited by HIVconsv 
will be enough to protect in vivo remains to be seen, but it is clear 
that any T-cell–inducing vaccine that is taken to an efficacy trial in 
the future will have to generate T-cell responses that demonstrably 
exceed those seen in the Step Study.

In contrast to the Step Study, the RV144 trial, which tested 
a combination of ALVAC-vectored Env prime and Env pro-
tein boost, gave 31% protection against acquisition, most likely 
through the generation of nonneutralizing anti-Env antibodies.38,39 
No CD8+ T-cell responses were measurable after that vaccination. 
Currently, attempts are being made to improve the RV144 vac-
cine regimen and an improved outcome might be achievable if the 
vaccine induces T cells similar to those elicited by the ChAdV63.
HIVconsv-MVA.HIVconsv regimen alongside anti-Env antibod-
ies. Other vaccine designs tested in phase I trials have also given 
weaker T-cell responses, often in less than 100% of vaccine recipi-
ents and have not focused on conserved epitopes.8,40–43

The HIVconsv vaccine-induced T cells were of broad speci-
ficities, whereby each vaccine recipient in the CM and DDDCM 
groups recognized on average 10 epitopes, of which 10% and 59% 
originated in the Gag and Pol proteins, respectively. Based on the 
volunteers’ HLA types, ~40% of these were not clearly identifiable 
in the Los Alamos National Laboratory HIV Immunology Database 
and were therefore novel CD8+ epitopes or epitopes recognized 
by CD4+ T cells. Given the HIVconsv epitope subdominance in 
natural infection, this broadly concurs with a detailed mapping 
of CD8+ T-cell responses during acute HIV-1 infection, which 
identified about 30% of previously undescribed epitopes, some of 
which were in variable regions and escaped early.44 The HIVconsv 
immunogen is a chimeric protein and contains junctional regions; 
these junctions can elicit responses against irrelevant epitopes 
not present in the HIV-1 proteome. This was the case for ~20% 
of estimated epitope responses. However, it is unlikely that these 
T-cell responses will interfere with the induction of relevant anti–
HIV-1 responses any more that the antivector T cells45 and they 
will certainly not compete for recognition of HIV-1–infected cells. 
In BLAST searches on the human genome, the junctional regions 
had no difference in the number of matches compared with other 
regions of HIV-1.16 Furthermore, strong junctional responses can 
be avoided in future vaccine designs/regimens.

One of the vectors used here for the HIVconsv vaccine was 
simian adenovirus serotype 63. Following the Step, Phambili, and 
HVTN 505 trials, which all used HAdV-5 as a vector and showed 
trends of increased acquisition of HIV-1 in vaccine recipients, there 
is some concern that all adenoviruses may be precluded from use 
as prophylactic HIV-1 vaccines,32,46 although more qualified rec-
ommendations might be appropriate.47 ChAdV-63 is serologically 
distinct from HAdV-5, but there could be some CD4+ T-cell cross 
reactivity, which may relate to an increased risk. If that is shown to 
be the case, alternative delivery for the HIVconsv immunogen will 

be found. The important finding here concerns the insert, which is 
immunogenic and elicits T cells that suppress virus replication in 
vitro. In principle, a conserved region T-cell vaccine such as this, that 
elicits strong antiviral T-cell responses, should be a good candidate 
for progressing to a phase IIb efficacy trial, testing either on its own 
or better in a combination with vaccines that can elicit broadly neu-
tralizing antibodies or antibodies to the V1/V2 regions of the gp120 
Env, as in the RV144 trial.38,48 Also this platform, if immunogenic 
in HIV-1-positive individuals, would be very appropriate for studies 
aimed at eliminating HIV-1 reservoirs, in conjunction with antiret-
roviral treatment and reactivation of the latent virus.49 Stimulation of 
CD8+ T cells specific for conserved epitopes in such patients would 
be greatly preferable to simply reactivating the preantiretroviral 
treatment T-cell responses that had failed to control the virus.

In conclusion, we have tested for the first time in humans 
an HIV-1 vaccine, which focuses vaccine-elicited T cells on the 
conserved subprotein regions common to most HIV-1 isolates. 
Demonstration of strong anti–HIV-1 T-cell responses in these 
volunteers represents an important milestone in the translation 
of this platform towards clinical use. The current vaccine regi-
men showed unique potency and the induced T cells showed effi-
cacy against HIV-1 in vitro. Some modification of the delivery 
regimen may be needed because of currently perceived problems 
with the HAdV-5 vector, but should be readily achievable. Then 
the next step will be to demonstrate protection of humans against 
HIV-1 infection, ideally in conjunction with a vaccine that elicits 
effective anti-Env antibodies.

MATERIALS AND METHODS
Ethical and regulatory approvals. Approvals for HIV-CORE 002 were 
granted by the National Research Ethics Service Committee West London 
(Ref: 10/H0707/52) and the UK Medicines and Healthcare products 
Regulatory Agency (Ref: 21584/0271/001). The study was conducted 
according to the principles of the Declaration of Helsinki (2008) and com-
plied with the International Conference on Harmonization Good Clinical 
Practice guidelines.

Subjects. The trial was conducted at the Centre for Clinical Vaccinology 
and Tropical Medicine, University of Oxford between March 2011 and 
August 2012. Healthy males and nonpregnant females aged 18–50 years 
were invited to participate in the study. All volunteers were at low risk 
of HIV-1 infection and all gave written informed consent before partici-
pation. There was no selection of volunteers on the basis of pre-existing 
neutralizing antibodies to ChAdV-63 or HAdV-5 before enrolment. Two 
volunteers in the CM group withdrew after the first immunization for rea-
sons unrelated to the vaccine.

Vaccines. The pSG2.HIVconsv DNA vaccine was produced by the Clinical 
Biotechnology Centre, Bristol Institute for Transfusion Science, University 
of Bristol, UK and formulated in PBS pH 7.4 at 4.0 mg/ml. The ChAdV63.
HIVconsv vaccine23 was produced at the Clinical Biomanufacturing Facility, 
University of Oxford and diluted in formulation buffer to 1.35 × 1011 vp/
ml (36 vp/infectious unit). The MVA.HIVconsv vaccine23 was produced 
by IDT Biologika GmbH, Germany and diluted in a formulation buffer to 
5.5 × 108 PFU/ml. All vaccines were stored below −70 °C until use.

Vaccinations. Vaccines were thawed no more then 30 minutes prior to 
injection and kept on ice. All vaccines were administered into the deltoid 
muscle of both arms by an i.m. needle injection at the following doses: 
pSG2.HIVconsv DNA: D—4 mg; ChAdV63.HIVconsv: c (low dose)—
5 × 109 vp and C (regular dose)—5 × 1010 vp; MVA.HIVconsv: M—2 × 108 
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PFU (half of each dose delivered into each arm). The regimens are depicted 
in Figure 1b.

Peptides and antigens. HIVconsv peptides (Ana Spec, San Jose, CA; 
95131) were reconstituted to 40 mg/ml in dimethyl sulfoxide and diluted to 
working stock solutions of 4 mg/ml in phosphate-buffered saline (PBS). For 
ELISPOT and intracellular cytokine staining (ICS) assays, peptides were 
combined into 6 pools, Pool 1–6, 32–36 peptides per pool in R10 (RPMI 
1460 supplemented with 10% fetal bovine serum, 2 mmol/l L-glutamine, 1 
mmol/l sodium pyruvate, 10 mmol/l HEPES and penicillin-streptomycin 
antibiotics; Sigma Aldrich, St. Louis, MO). For subsequent proliferation 
and inhibition studies, the peptides were combined into 4 pools covering 
Gag, Pol (2 pools) and Env+Vif. For ELISPOT assays, 2x-concentrated 
stocks of 3 μg/ml were prepared and aliquoted into peptide plates along 
with the positive and negative controls. For ICS, proliferation and inhibi-
tion assays, 10x-concentrated pools at 15 μg/ml were prepared in between 
500-μl and 1-ml aliquots. To map responses of individual participants, 
2x-concentrated stocks of individual peptides were prepared in peptide 
plates. A pool of FEC peptides consisting of 32 previously defined CD8+ 
T-cell epitopes from influenza virus, Epstein-Barr virus and cytomegalovi-
rus (CEF; NIH AIDS Research and Reference Program) was reconstituted 
in dimethyl sulfoxide and used at a final concentration of 1 μg/ml as a posi-
tive control. All peptide stocks and plates were stored at −80 °C until use.

Isolation and cryopreservation of PBMC. Blood was drawn into heparin-
ized vacutainers (Becton Dickinson, Franklin Lakes, NJ) and processed 
by the laboratory within 6 hours. Standard procedures were used for 
cryopreservation.

Ex vivo IFN-γ ELISPOT assay. Freshly isolated PBMC were used. ELISPOT 
plates (S5EJ044I10; Merck Millipore, Darmstadt, Germany) prewetted for 1 
minute with 15 μl of 35% ethanol were coated overnight at +4 °C with anti–
IFN-γ antibody (10 μg/ml in PBS; clone 1-D1K; Mabtech, Nacka Strand, 
Sweden). Prior to use, plates were washed with PBS and blocked with R10 
for a minimum of 1 hour at 37 °C. The PBMC were plated out at 2 × 105 
cells/well in 50 μl for the majority of time points and at 1 × 105 cells/well at 
peak time points. For HIVconsv, Pools 1–6 responses were detected in trip-
licate wells. Six negative no-peptide control wells were cells cultured in R10 
supplemented with 0.45% dimethyl sulfoxide. Positive controls in triplicate 
wells were cells cultured with 10 μg/ml PHA (Sigma Aldrich, St. Louis, MO) 
or a pool of FEC peptides at 1 μg/ml. As an external positive control, the cell 
line NKL was cultured in duplicate wells in the presence of PMA (4 μg/ml) 
plus ionomycin (1 μg/ml; both from Sigma Aldrich, St. Louis, MO), The 
cells were incubated overnight at 37 °C in 5% CO2. Spots were visualized 
using biotin anti–IFN-γ combined with streptavidin/alkaline phosphate 
(both from Mabtech, Nacka Strand, Sweden) and the color was developed 
using substrate BCIP/NBTPlus (Mabtech, Nacka Strand, Sweden). The reac-
tion was stopped after 5 minutes by washing under the tap. The plates were 
air dried overnight and the spots counted using an AID ELISpot Reader 
and version 5.0 software (AID GmbH, Stassberg, Germany). The median 
number of SFU in no-peptide wells were subtracted from test wells and 
the results were expressed as the median net SFU/106 PBMC. Electronic 
records for each plate were retained.

Peptide mapping. In order to map the responses of individual participants 
short-term cell lines were derived from frozen PBMC samples taken on 
week 28. The PBMC were thawed and an equal volume of R10 plus 50 U/
ml benzonase nuclease (Novagen, Darmstadt, Germany) warmed to 37 °C 
was added dropwise. Cells were expanded using Pools 1–6 for 10 days, 
rested and tested an IFN-γ ELISPOT assay.

ICS assay. Cryopreserved PBMC were thawed and resuspended in R10 
medium at 106 cells/ml. The cells were labeled with anti-CD107a-PE-Cy7 
(BD Biosciences, San Jose, CA), stimulated with 1.5 μg/ml of peptide Pools 
1–6 or 1 μg/ml SEB (positive control) or R10 (negative control) and 1 μg/ml 

of anti-CD28 and anti-CD49d for 2 hours at 37 °C, 5% CO2. Then, 10 μg/
ml of GolgiPlug (BD Biosciences, San Jose, CA) and 0.7 μl/ml of GolgiStop 
(BD Biosciences, San Jose, CA) were added for a further 17 hours and the 
cells were stained with a dead-cell marker (LIVE/DEAD Fixable Aqua stain; 
Invitrogen, Carlsbad, CA) followed by incubation with anti-CD14-Qdot655 
(Invitrogen, Paisley, UK), anti-CD4-BV570 (BioLegend), anti-CD3-ECD 
(Beckman Coulter), anti-CD8-APC-eFluor780 (eBioscience) antibodies, 
permeabilized with 200 μl of Cytofix/Cytoperm solution (BD Biosciences), 
stained with anti-IFN-γ-V450 (BD Biosciences), anti-TNF-α–FITC (eBio-
science), anti-IL-2 PE (BD Pharmingen), fixed in 1% paraformaldehyde and 
acquired on a BD LSR II flow cytometer (BD Biosciences, San Jose, CA). 
Data analysis was performed using FlowJo software (Tree Star, Ashland, OR).

CFSE proliferation assay. Cryopreserved PBMC were thawed, resus-
pended in prewarmed PBS/0.1% bovine serum albumin at a final con-
centration of 106 cells/ml and labeled with 500 nmol/l CFSE (Molecular 
Probes) for 10 minutes at 37 °C, 5% CO2. The staining was quenched by 
adding five volumes of ice-cold R10 followed by a 5-minute incubation 
on ice. The cells were pelleted, washed, and plated in 96-well round bot-
tom plates at a concentration of 5 × 105 cells/well. The CFSE-labeled cells 
were then stimulated with 1.5 μg/m of peptide Pools 1–4 or 1 μg/ml SEB 
(positive control) and R10 (negative control) for 5 days, stained with a 
dead cell marker (LIVE/DEAD Fixable Aqua stain; Invitrogen, Paisley, 
UK) and anti-CD4-BV570 (BioLegend), anti-CD3-ECD (Beckman 
Coulter, High Wycomb, UK) and anti-CD8-APC-eFluor780 (eBiosci-
ence), fixed and acquired on a BD LSR II flow cytometer. Data analysis 
was performed using FlowJo software (Tree Star, Ashland, OR).

Viral inhibition assay. Antiviral capacity of vaccine-elicited CD8+ T cells 
was assessed in VIA as described previously.5 Briefly, to generate CD4+ 
and CD8+ T cells, frozen PBMC were thawed, resuspended in R10 supple-
mented with IL-2 at 50 IU/ml, activated using either 0.5 μg/ml anti-CD3/8 
or anti-CD3/4 bi-specific antibodies, respectively, (generously provided by 
J Wong, Harvard Medical School) and cultured for 7 days with the addition 
of fresh R10/IL-2 media on days 3 and 6. Viral infections were performed 
on autologous expanded CD4+ T cells at MOI 0.01 for Nef-mutated IIIB, 
ELI, CH07, CH106, 247Fv2, ZA97012, and U455 viruses, while BaL was 
used at MOI 0.005. CD4+ cells were incubated with viruses for 3.5–4 hours 
at 37 °C, 5% CO2, washed once in R10, resuspended at 106 cells/ml in R10 
supplemented with 100 IU/ml IL-2 and 5 × 105 CD4+ cells were aliquoted 
into assay wells of 48-well tissue culture plates. 5 × 105 CD8+ effector cells 
were added to the matched infected CD4+ T cells and incubated at 37 
°C, 5% CO2 for 13 days. On days 3, 6, 8, and 10 of coculture, half of the 
culture media was replaced with fresh R10 supplemented with 50 IU/ml 
IL-2. On day 13, supernatants were collected for analysis by p24 ELISA 
(PerkinElmer, Foster City, CA). The log10 reduction in the p24 content in 
the supernatants of CD8+/CD4+ coculture wells relative to infected CD4+ 
cells alone was calculated for each sample.

Multiplex bead array. Frozen PBMC samples from the CM group, week 12 
were stimulated using the HIVconsv peptides Pools 1–6 for 48 hours and 
the supernatants were analyzed for intercellular signaling molecules using 
MILLIPLEX MAP Human High Sensitivity Cytokine/Chemokine Panel 
Kit. All samples were acquired on a Luminex 200 instrument (Millipore, 
Darmstadt, Germany) using the maximum likelihood method.

Statistics. Analyses of variance were performed using GraphPad Prism 5.0a 
(GraphPad Software, San Diego, CA). Results were assumed to be non-
Gaussian in distribution, thus nonparametric tests were used throughout 
and medians (range) are shown. Variation among groups was assessed in 
the Kruskal-Wallis test and individual group means were compared either 
to control using Dunn’s multiple comparison or among themselves in pair-
wise comparisons followed by the Bonferroni adjustment. For unpaired 
analyses, the Mann–Whitney U test was used. Correlations were made 
using Spearman rank test. Two-tailed P values were used and P value of less 
than 0.05 was considered statistically significant.
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SUPPLEMENTARY MATERIAL
Figure S1. IFN-γ ELISPOT assay.
Figure S2. Correlation of fresh and frozen ELISPOT assay frequencies 
of HIVconsv vaccine-elicited IFN-γ-producing T cells.
Figure S3. A multicolor flow cytometry analysis of vaccine-elicited T 
cells.
Figure S4. Proliferative capacity of vaccine-elicited T cells.
Figure S5. Correlation of total ex vivo IFN-γ ELISPOT assay fre-
quencies with in vitro peak inhibition of clade A HIV-1 replication 
in autologous CD4+ cells for all CM, DDDCM, and DDDMC groups 
combined.
Table S1. Multifunctionality of T-cell responses induced by the CM 
regimen.
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