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1 The HIV/AIDS vaccine candidate MVA-B administered as a single immunogen in
2 humans triggers robust, polyfunctional and selective effector memory T cell
3 responses to HIV-1 antigens
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Abstract

Attenuated poxvirus vectors expressing HIV-1 antigens are considered promising
HIV/AIDS vaccine candidates. Here we described the nature of T cell immune
responses induced in healthy volunteers participating in a phase I clinical trial in Spain
after intramuscular administration of three doses of the recombinant MVA-B expressing
monomeric gpl20 and the fused Gag-Pol-Nef (GPN) polyprotein of clade B. The
majority (92.3%) of the volunteers immunized had a positive specific T cell response at
any time post-vaccination as detected by IFN-y ICS assay. The CD4+ T cell responses
were predominantly Env directed, whereas the CD8+ T cell responses were similarly
distributed against Env, Gag and GPN. The proportion of responders after two doses of
MVA-B was similar to that obtained after the third dose of MVA-B vaccination and the
responses were sustained (84.6% at week 48). Vaccine-induced CD8+ T cells to HIV-1
antigens after one year were polyfunctional and mainly distributed within the effector
memory (TEM) and terminally differentiated effector memory (TEMRA) T cell
populations. Anti-vector T cell responses were mostly induced by CD8+ T cells, highly
polyfunctional and of TEMRA phenotype. These findings demonstrate that the poxvirus
MVA-B vaccine candidate given alone is highly immunogenic, inducing broad,
polyfunctional and long-lasting CD4 and CDS8 T cell responses to HIV-1 antigens, with
preference for TEM. Thus, on the basis of the immune profile of MVA-B in humans,

this immunogen can be considered as promising HIV/AIDS vaccine candidate.
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Introduction

Since 1981, more than 25 million people have died of Acquired Immune Deficiency
Syndrome (AIDS), a dramatic pandemic caused by the Human Immunodeficiency Virus
(HIV). In 2009 the UNAIDS estimates that 33.4 million people now live with HIV-1
infection. Although anti-retroviral therapy (ART) can suppress viral replication
increasing life expectancy among those people infected, it cannot cure the infection.
Moreover, affordable ART coverage in resource-poor, HIV-1 endemic regions is a
daunting global health problem. For these reasons the development of a safe and
efficacious vaccine represents the best long-term solution to ending the HIV-1
epidemic.

There have been strong proponents of either antibodies or T cells alone as the most
effective strategy that should be followed to prevent HIV-1 infection. However, the
consensus view now is that a highly effective HIV/AIDS vaccine will need to elicit
coordinated B cell, CD4+ and CD8+ T cell responses (27).

More than 30 HIV/AIDS vaccine candidates, whose prototypes have elicited varying
degrees of protective responses in nonhuman primate models have advanced to human
clinical trials, alone or in combinations (25, 36). These include replication-competent or
incompetent viral vectors (poxvirus, adenovirus, alphavirus, adeno-associated virus)
containing HIV-1 gene inserts, HIV-1 virus-like particles, HIV-1 DNA plasmids and
soluble HIV-1 proteins and peptides, with or without adjuvant formulations. Among the
candidate regimens that have been extended to large-scale international phase IIb or I1I
studies only the RV144 trial, that evaluated a recombinant canarypox-HIV-1 vector
prime and recombinant HIV-1 envelope gpl120 subunit protein plus alum boost in
Thailand, demonstrated low-level efficacy (31%) in reducing HIV-1 infection rates (35).
These clinical findings provided for the first time evidence that an HIV/AIDS vaccine
can prevent HIV-1 infection and highlight that poxvirus vectors should be considered as
one of the future HIV/AIDS vaccine candidate vectors.

Among the poxviruses, the attenuated Modified Vaccinia Ankara (MVA) strain has
received great attention in terms of vaccine development for prevention and therapeutic
purposes (12). The main advantage of MVA is its safety record. Despite its limited
replication in human and most mammalian cell types, MVA provides a high level of
gene expression and triggers strong immune responses when delivering foreign antigens

in animals and humans (12, 30, 39). In fact, in the last years several clinical trials have
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been conducted using MV A-based vaccines in both healthy and HIV-1-infected human
volunteers (10, 22, 24, 38, 40). These studies demonstrated that the recombinant vectors
based on MVA are safe and well tolerated and are able to induce HIV-1-specific
immune responses when administered alone or in combination with other vectors.
However, the magnitude, response rates and durability in immunization regimens using
homologous vectors were modest. These observations highlight that more efficient
MVA vectors with the ability to enhance the magnitude, breadth, polyfunctionality and
durability of the immune responses to HIV-1 antigens are desirable. This is particularly
relevant if a single immunogen is target for mass vaccination purposes, to simplify the
immunization protocol and reduce manufacture burden.

Here we have characterized the immunogenicity of the recombinant MVA-B,
expressing Env, Gag, Pol and Nef HIV-1 antigens from clade B, in healthy volunteers
enrolled in the RISVACO2 phase I clinical trial. The construction details and preclinical
setting of this vaccine were published earlier (8, 11). We specifically addressed the
breadth, phenotype, polyfunctionality and longevity of the vaccine elicited immune
responses in order to provide insights into the immune protective potential of

homologous MVA-B vaccine regimen in humans.
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Materials and Methods

MVA-B vaccine

The generation of MVA-B vector was previously described (11). It expresses
simultaneously and under the same synthetic early/late viral promoter, monomeric
gp120 as a cell released product and Gag-Pol-Nef (GPN) as an intracellular polyprotein
of 160 KDa. gp120 Env protein comes from the HIV-1 primary isolate BX08. Gag-Pol-
Nef is a fusion protein of 1326 amino acids composed of gag, pol and nef ORFs from
HIV-1 clone I1IB, that has been modified to enhance its immunogenicity and for safety
by removing undesirable domains. In both cases, the codon usage was adapted to highly
express human genes. The good manufacturing production (GMP) clinical lots of
MVA-B were produced by IDT (Germany) and kindly provided by EuroVacc. MVA-B
was genetically stable, even when grown and purified at large scale under GMP

conditions as previously described (11).

Study design

The RISVACO02 study was approved by the institutional ethical review board and by the
Spanish Regulatory Authorities (Government identifier: NCT00679497). The study was
explained to all patients in detail, and all signed written informed consent documents. A
total of 30 HIV-1 negative, vaccinia-naive volunteers, at two clinical sites in Madrid
(HGM) and Barcelona (HC) were randomly allocated to receive 3 x 1 ml injections of
MVA-B (10° pfu/dose) (n=24) or placebo (n=6) by intramuscular route at weeks 0, 4

and 16. The duration of participant follow up was 48 weeks.

Synthetic peptides

All peptides used in this study were HPLC purified (>80% purity) and provided by
EuroVacc. Overlapping peptides (15 mers with 11 amino acids overlap; n=450) covered
the entire Env, Gag, Pol and Nef regions from clade B included in MVA-B. The
Bx0sgPp 120 protein (494 aa) was spanned by the Env-1 (aa: 1-251; 60 peptides) and Env-
2 (aa: 241-494; 61 peptides) pools. The Gag-Pol-Nef fusion protein (1326 aa) was
spanned by the following pools: Gag-1 (aa: 1-231; 55 peptides), Gag-2 (aa: 221-431; 50
peptides), GPN-1 (aa: 421-655; 56 peptides), GPN-2 (aa: 645-879; 56 peptides), GPN-3
(aa: 869-1103; 56 peptides) and GPN-4 (aa: 1093-1326; 56 peptides). For
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immunological analyses we grouped the pools as follows: Env pool (Env-1+Env-2);

Gag pool (Gag-1+Gag-2) and GPN pool (GPN-1+GPN-2+GPN-3+GPN-4).

Cell preparation

Whole blood samples for analyses of the immune responses were collected in cell
preparation tubes (CPT Vacutainer tubes; BD) and processed within 6 hours, in
accordance with manufacturer’s instructions. The yield and viability of peripheral blood
mononuclear cells (PBMCs) were determined by trypan blue staining. Fresh PBMCs
were used for the immunological analyses described in this study. The remaining cells

were cryopreserved.

Flow cytometry analyses

Fresh PBMCs (12 x 106) were stimulated during 6 hours in complete RPMI 1640
media containing 1 pul/ml Golgiplug (BD Biosciences) and 5 pg/ml of the different HIV-
1 peptide pools. When the anti-vaccinia response was assayed, the PBMCs were
stimulated during 6 hours in complete media containing 1 pl/ml Golgiplug (BD
Biosciences) and autologous cells infected with MV A at 2 pfu/cell in a ratio 10:1. For
functional analyses the following fluorochromes-conjugated antibodies were used:
CD3-AmCyan; CD4-Alexa 700; CD8-PerCPCyS5.5; IFN-y-V450 or -PECy7; IL-2-APC,;
TNF-0-PECy7 and MIPIB-PE. In addition, for phenotypic analyses the following
antibodies were used: CCR7-PE and CD45RA-FITC. All antibodies were from BD
Biosciences. At the end of the stimulation period, cells were stained for the surface
markers, permeabilized (Cytofix/Cytoperm kit; BD Biosciences) and stained
intracellularly using the appropriate fluorochromes. Cells were collected on an LSR 1I
flow cytometer (BD Immunocytometry Systems). Analyses of the data were performed
using the FlowJo software version 8.5.3 (Tree Star, Ashland, OR). The number of
lymphocyte-gated events ranged between 10° and 10°. After gating, Boolean
combinations of single functional gates were then created using FlowJo software to
determine the frequency of each response based on all possible combinations of
cytokine expression or all possible combinations of differentiation marker expression.
Background responses detected in negative control tubes were substracted from those

detected in stimulated samples for every specific functional combination.

Data analysis and statistics
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To correct measurements of the medium response (RPMI) we used a novel statistical
approach previously described (8, 29). An ICS was considered positive if the
percentages of cytokine+ cells in the stimulated samples were 3 times over the values
obtained in the unstimulated controls and if the background-substracted magnitudes
were higher than 0.02%. The background for the different cytokines in the unstimulated
controls never exceeded 0.015%. Each participant was classified as a responder if there
was at least one positive IFN-y ICS response against any of the HIV-1 peptide pools at
weeks 6, 18 or 48 and as a nonresponder if responses at these weeks were all negative.
The magnitude of the ICS responses and other continuous variables were compared
between groups using the nonparametric tests Wilcoxon rank sum test and Mann-
Whitney U test. The differences among cumulative proportions have been tested by
comparing two binomial distributions as described in (41) (implemented by the R
function prop. test). For correlation analysis between variables the Pearson’s correlation
coefficient test was used.

The data analysis program, Simplified Presentation of Incredibly Complex Evaluations
(SPICE, version 4.1.5, Mario Roederer, Vaccine Research Center, NIAID, NIH), was
used to analyze and generate graphical representations of T cell responses detected by
polychromatic flow cytometry. All values used for analyzing proportionate

representation of responses are background-substracted.
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Results

Study design

The main objective of this study was to characterize the magnitude, breadth, phenotype,
function and durability of the T cell responses induced by the single recombinant MV A-
B administered in three doses in human healthy volunteers enrolled in the RISVAC02
phase I clinical trial in Spain.The MVA-B vaccine is a non-replicating viral vector in
human cells that expresses simultaneously the gp120 Env protein from the BX08 HIV-1
isolate as a cell released product and Gag-Pol-Nef (GPN) from the IIIB HIV-1 isolate as
an intracellular polyprotein (11). GPN has been engineered by the removal of
immunosuppressed sequences and to prevent virus-like particles (VLP) formation. A
total of 30 healthy, HIV-1 negative volunteers, naive for smallpox vaccine, were
enrolled. The study was randomized and double-blinded with respect to active vaccine
or placebo. The participants received 3 x 1ml injections of MVA-B (10® pfu/dose)
intramuscularly in the deltoid at weeks 0, 4 and 16. The immune responses were
evaluated at weeks 6, 18 and 48 by polychromatic intracellular cytokine staining (ICS)
(Figure 1A). This assay was done in 16 volunteers due to rapid availability of freshly
isolated peripheral blood mononuclear cells (PBMCs) to ensure no loss of functional
activity of T cells.

Analyses of the demographics of the trial population and of the safety of the vaccine
will be described elsewhere (Garcia, F et al., submitted). No related serious adverse

events occurred during the study indicating that MV A-B was safe and well tolerated.

Vaccine-induced T cell responses

Vaccine-induced T cell responses were assessed in 16 volunteers by ICS assay after the
stimulation of freshly isolated PBMCs with a panel of 450 HIV-1 peptides (15 mers
overlapping by 11 amino acids) grouped in three pools: Env (121 peptides), Gag (105
peptides) and GPN (224 peptides). The peptides encompassed the Env, Gag, Pol, and
Nef proteins of HIV-1 and were designed based on the sequence of the immunogens
expressed by MVA-B.

The response rates at weeks 6, 18 and 48 were determined for each T cell population
based on the percentage of antigen-specific IFN-y+ cells. Cumulative analysis of the
data demonstrated that MVA-B induced HIV-1-specific T cell responses that were
balanced and significantly different to those determined in the placebo group (p=0.04)
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(Table 1). CD4+ and CD8+ T cell responses to any HIV-1 peptide pool at any time
post-vaccination were detected in 69.2% (9/13) and 92.3% (12/13) of the vaccines,
respectively. The CD4+ T cell responses were predominantly Env directed (Env: 69.2%
vs Gag: 15.4% and GPN: 7.7%) whereas the CD8+ T cell responses were similarly
distributed against the three peptide pools (Env: 61.5%, Gag: 69,2% and GPN: 69.2%).
The assessment of vaccine-induced T cell responses at different time points, determined
as the rate of CD4+ and/or CD8+ responses to any HIV-1 antigen, indicated that the
proportion of responders after 2 doses of MVA-B (W6) was similar to that obtained
after the third dose of MV A-B vaccination (W18) (75% vs 69.2%) and was sustained by
32 weeks after the last immunization (84.6% at W48) (Figure 1B). The mean values for
the total HIV-1 responses (Env+Gag+GPN) in each T cell population are shown in
Figure 1C. For CD4+ T cells both the magnitude and response rates peaked after 2
MVA-B doses, declining with time. The response rates to any antigen decreased from
58.3% at W6 to 23.1% at W18 and to 38.5% at W48 (Table 1). For CD8+ T cells both
magnitude and response rates were higher than for CD4+ T cells, specially at weeks 18
and 48. The magnitude of the responses remained similar during the study as well as the
response rates to any antigen (50% at W6; 61.5% at W18 and 69.2% at W48) (Table 1).
There was no significant correlation between the magnitude of the response for CD4+
and CD8+ T cells in individuals.

The CD4+ T cell response was essentially directed against 1 HIV-1 peptide pool (Env)
at all time points assayed, with occasional recognition of 2 antigens (Env and Gag),
whereas the CD8+ T cell response was broad and evenly distributed to 1, 2 or 3 HIV-1
peptide pools (Figure 1D).

The cross-sectional responsiveness per antigen showed that Env response was mediated
by both CD4 and CDS8 T cell subsets whereas the Gag and GPN responses were mainly
mediated by the CD8 T cell population (Figure 1E).

Functional profile of vaccine-induced CD4 and CD8 T cell responses

The profile of vaccine-induced CD4 and CD8 T cell responses was analysed in those
volunteers with IFN-y+ ICS responses. The polychromatic ICS assays were performed
on fresh PBMCs at 2 weeks after both the second (W6) and third dose (W18) of MV A-
B vaccine. The panel of T cell functions analyzed included IL-2, TNF-0, MIP1B and

IFN-y secretion. For each subpopulation the background, as detected in the unstimulated
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control sample, was substracted. Only responses exceeding a predefined threshold level
after background substraction were considered.

The mean values for the total responses (Env+Gag+GPN) in each T cell population
considering the frequencies of all the cytokines are represented in Figure 2A. The
magnitudes of the total HIV-1-specific responses were similar for both populations at
the two time points. Among the cytokine producing CD8+ T cells, IFN-y and MIP1f3
predominate at both weeks 6 and 18 whereas no single cytokine prevail in the CD4+ T
cells at any time assayed (Figure 2B). Representative functional profiles of vaccine-
induced CD4 and CDS8 T cell responses were shown for one of the responders at week
18 (Figure S1).

The quality of a T cell response can be characterized in part by the pattern of cytokine
production. On the basis of the analysis of IL-2, TNF-o, MIP1B and IFN-y secretion, 15
distinct HIV-1-specific CD4+ and CD8+ T cell populations were identified (Figure 3).
Vaccine-induced CD4+ T cell responses at weeks 6 and 18 were mainly represented by
cells expressing 1 function, although about 25% of CD4+ T cells exhibit two or three
functions. In contrast to CD4+ T cells, vaccine-induced CD8+ T cells were more
polyfunctional, with about 45% of vaccine-induced HIV-1-specific CD8+ T cells
exhibiting more than one function (Figure 3). In both subsets there were no changes in
the polyfunctional profile after the third dose of MVA-B.

To define if polyfunctionality is a feature of an individual or of responses to particular
antigens, we performed a two-way ANOVA (response as a function of the patient and
the antigen) of the responses for CD8+ and CD4+ T cells after 2 (W6) and 3 doses
(W18). We found that all patients responded similarly (except one individual who is
particularly polyfunctional responsive for CD8+ after 2 doses). At week 6 we found
significant differences (p <0.05) between the polyfunctional response of CD8+ T cells
to Env, Gag and GPN versus the polyfunctional response to MVA. Similarly, the
polyfunctional response of CD4+ T cells to Env was significantly larger than that to
GPN. The rest of the responses were not significantly different. At week 18 we did not
find any difference between the polyfunctional responses of individuals and antigens at
the level of CD8+ T cells. Moreover, when we determined if the magnitude or breadth
of the response correlate with the polyfunctionality we only found a positive correlation
(0.78) between breadth and CD8+ polyfunctionality after 2 doses (W6). Otherwise,

these variables are not correlated (with Pearson's correlation coefficient test).
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Phenotypic profile of long-lived memory HIV-1-specific T cell responses

Phenotypic analysis of long-lived memory vaccine-induced T cell responses was carried
out at 32 weeks after the last MVA-B immunization (W48) by polychromatic ICS
assay. Fresh PBMCs were stimulated with the HIV-1 peptide pools Env, Gag and GPN
for 6 hours and stained with specific antibodies to identify T cell lineage (CD3, CD4
and CDS8), responding cells (IL-2 and IFN-y) as well as memory stages (CD45RA and
CCR?7).

At this time point the HIV-1-specific response was mainly mediated by CD8+ T cells,
although in 3 out of 11 responders (27.3%) was mediated by both CD4+ and CD8+ T
cells. 55.6% of the responders at W48 had specific-CD8+ T cells against 2 or 3 pools,
correlating with the individuals that secrete more IFN-y (p<0.05 ).

Since previous studies have shown that CD45RA and CCR?7 define functionally distinct
populations of memory antigen-specific T cells (4, 19, 37), we characterized the
differentiation stages of the responding CD4 and CD8 T cells into central memory
(TCM: CD45RA CCR7"), effector memory (TEM: CD45RA CCR7) or terminally
differentiated effector memory (TEMRA: CD45RACCR7) populations. For each
vaccinee we summed the totality (single IL-2 plus dual IL-2/IFN-y plus single IFN-y) of
Env+Gag+GPN specific T cell responses and determined for CD4 and CD8 T cell
subsets the percentages of the specific responses with phenotype TCM, TEM or
TEMRA (Figure 4). The HIV-1-specific CD4+ T cell responses were mainly distributed
within the TCM and TEM cell populations whereas the CD8+ T cell responses were
mainly distributed within the TEM and TEMRA cell populations (Figure 4A). In both
CD4 and CDS8 T cell subsets the higher numbers of cytokine secreting cells were found
within the TEM cell population. Figure 4B shows representative phenotypic profiles of

long-lived memory HIV-1-specific T cells in one of the volunteers.

Anti-vector T cell responses

Vaccine-induced anti-vector T cell responses were assessed by ICS assay after the
stimulation of freshly isolated PBMCs with autologous cells infected with MVA. The
response rates at weeks 6, 18 and 48 were determined for each T cell population based
on the percentages of MV A-specific IFN-y+ cells following the same criteria described
above. The analysis of anti-vector T cells responses at different time points, determined
as the rate of CD4 and/or CD8+ responses to MV A-infected cells, indicated that the
proportion of responders after 2 doses of MVA-B (W6) was similar to the obtained after
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the third MVA-B vaccination (W18) (83.3% vs 84.6%) and remained unchanged over
time (91.7% at W48) (Figure S2A). There was not correlation between vector and HIV-
1 antigen responses. None of the placebo recipients had a positive response against the
vector. The responses were mostly induced by the CD8 T cells (Figure 5A) and were
highly polyfunctional, with about 70% of MV A-specific CD8+ T cells displaying more
than one function (Figure 5B). The magnitude and polyfunctionality of anti-vector CD8
T cell responses were maintained after the third dose of MVA-B. Representative
functional profiles of the anti-MVA responses in one of the volunteers at week 18 are
shown in Figure S2B. Although anti-vector CD8+ T cell responses appeared to be more
polyfunctional than responses to the HIV-1 antigens, we have to take into consideration
that the different assay system used (one stimulated with peptide pools, the other with
virus-infected cells) might influence the result and do not allow the direct comparison
between the polyfunctional degree against the vector and against the HIV-1 antigens.

To define if strong responses to the vector at earlier times reduce the benefit of boosting
for the HIV-1 antigens, we analyzed using Pearson's correlation coefficient test if the
anti-vector response at week 6 affect the anti-HIV-1 response at week 18, and we found
that strong responses to the vector at earlier times do not reduce the benefit of boosting
for the HIV-1 antigens (0.348).

At week 48, the totality (single IL-2 plus dual IL-2/IFN-y plus single IFN-y) of MVA
specific CD4+ T responses were mainly distributed within the TEM cell population
whereas the CD8+ T cell responses were mainly distributed within the TEMRA cell
population (Figure 5C). Representative phenotypic profiles of long-lived memory
MV A-specific T cells are shown in one of the volunteers (Figure S2C).
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Discussion

At present it remains unclear which elements of the immune system need to be
stimulated to provide protection against HIV-1 infection and to improve viral control in
already HIV-1 infected individuals. For this reason, HIV/AIDS vaccine development is
currently directed towards the quantitative and qualitative improvements of vaccine
induced immune responses through the use of novel vectors administered either alone or
in prime-boost heterologous combination. The modest efficacy and low-level immune
responses of the RV144 Thai phase III trial based on the poxvirus vector ALVAC in
combination with the protein gp120 (35), suggest that improved poxvirus vectors may
be effective components of a realistic strategy for vaccination against HIV-1 infection.
We have previously described the generation and characterization of the MVA-B
vaccine candidate against HIV/AIDS (11). MVA-B used alone, or in combination with
DNA vectors expressing the same HIV-1 antigens, was able to induce in mice robust,
polyfunctional and durable T cell HIV-1-specific responses (8, 11). In macaques, a
similar MV A construct expressing Env (gp120 from SHIVg9 6p) and Gag-Pol-Nef (from
STV mac239) induced strong specific CD4+ and CD8+ T cell immune responses with a
bias for CD8+, and high protection after challenge with SHIVggcp (28). Furthermore,
expression of HIV-1 antigens from MVA-B selectively induced in human monocyte-
derived dendritic cells (moDCs) the expression of different cellular genes that might act
as regulators of immune responses to HIV-1 antigens (14), and MVA-B-infected
moDCs co-cultured with autologous T lymphocytes induced a highly functional HIV-1-
specific CD8+ T cell response including proliferation, secretion of IFN-y, IL-2, TNF-a,
MIP1B, MIP1a, RANTES and IL-6, and strong cytotoxic activity against autologous
HIV-1-infected CD4" T lymphocytes (2). Based on these previous results, MVA-B was
approved in Spain for a phase I clinical trial in healthy volunteers (RISVACO02).

The primary aim of this study was to characterize in detail the magnitude, breadth
phenotype, function and type of memory T cell responses induced by the recombinant
MVA-B in participants enrolled in the RISVACO02 clinical trial. The availability of fresh
PBMCs from 16 volunteers obtained at different times post-immunization made it
possible to analyze directly the T cell profile in all of these samples, thus assuring
minimal loss of T cell functions. The analysis of the vaccine-induced T cell responses
was performed by polychromatic ICS assay from PBMCs stimulated with a panel of
peptide pools encompassing Env, Gag, Pol, and Nef HIV-1 antigens from clade B
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included in the MVA-B vector. Although the IFN-y ELISPOT is the best standardized
assay used internationally for measuring HIV-1 vaccine induced immune responses (1,
5, 13), it provided limited information on a spectrum of cytokine/chemokine profiles.
To overcome the limitation of evaluating a single cytokine, novel techniques, as the
polychromatic ICS assay, are becoming increasingly more stringent in assessing HIV-1-
specific immune responses in different clinical settings (3, 10, 16, 22). This assay
provides simultaneous information on multiple markers measured at the single cell level
allowing a detailed characterization of the vaccine specific T cell responses.

Here we demonstrate that the vaccination regimen based on 3 doses of 10°® pfu of MVA-
B given intramuscularly is highly immunogenic, induces high frequency of HIV-1-
specific CD4+ and CD8+ T cells which are polyfunctional and with broad IFN-y ICS
reactivity, and more importantly, this vaccine regimen induces long-lasting T cell
immunity activating specific subset of memory T cell populations. The majority (12 out
of 13, 92.3%) of the volunteers immunized with MVA-B had a positive HIV-1-specific
T cell response at any time post-vaccination detected by IFN-y ICS assay. While direct
comparison of overall response rates between MVA recombinants tested in clinical
trials has to be taken with caution due to differences in the HIV-1 expressing cassette of
the vectors, simple comparison with other stand-alone MVA-based HIV-1 vaccine
products revealed that MVA-B appears to be as good or even better immunogen than
MVA-CMDR (84.6%) (3), more immunogenic than MVA62 (43%) (10) and
substantially more immunogenic than MVA.HIVA (0%) (21, 32). Other studies using
the same immunization regimen, but with higher doses of MVA products, had reported
similar or even lower response rates than those reported here. The use of ADMVA (40)
and TBC-M4 (34) at 2.5 fold higher doses than MV A-B gave response rates of 62% and
100%, respectively. Furthermore, after a third dose of 10° pfu of MVA-HIV a response
rate of 41.4% was reported (22). MVA-B was also more immunogenic than the related
attenuated poxvirus vector NYVAC-C used in homologous combination (16, 26).
Overall, the response rates assigned to MVA-B in comparison with other MVA-HIV
related vaccines provided strong support for the potential benefit of this vector as an
HIV/AIDS vaccine candidate.

Considering the consensus that for an HIV/AIDS vaccine to be effective it should aim
to trigger specific T cell immune responses with an immunogenic profile of high
frequency of CD4+ and CD8+ T cells, polyfunctional and durable, the immunogenic
characteristics of MVA-B described in this work fulfil these criteria. The HIV-1-
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specific T cell responses induced by MVA-B vaccine were balanced, with CD4+ and
CD8+ T cell responses detected in 69.2% and 92.3% of the vaccinees, respectively.
The CD4+ T cell response peaked and then decline after the second dose of MVA-B
and was directed almost entirely to Env, whereas the CD8+ T cell response slightly
increases over time and was more evenly distributed between Env, Gag and GPN
antigens. These results were in line with the preclinical evaluation of MVA-B in mice
(8, 11) and also with the results obtained in macaques using an analogous MVA
expressing gpl120 from SHIVgyep and Gag-Pol-Nef from SIVi,039 (28), but differed
from studies by others that suggest that MV A-vectored constructs expressing multigenic
products induced primarily a CD4+ T cell response (3, 10, 22). Using flow cytometry-
based assays, Currier et al. reported that Env antigen was consistently the predominant
target of the cellular immune response, and CD4+ T cells were the most frequently
detected responder cell type when using 10° pfu of MVA-CMDR (3). Using the
MVAG2 in homologous regimen it was reported a 2.4-fold excess of CD4+ over CD8+
T cells responses with strong bias towards Gag (10). More recently it was reported that
after 3 doses of 10° pfu of MVA-HIV there was 3-fold excess of CD4+ over CD8+
responses, being the CD4+ T cell response more frequently directed at Gag than Env,
and the CD8+ T cell response directed entirely at Env (22). The divergences observed
between the studies described above and our study must be attributed to the delivery
format and the nature of the HIV-1 antigens expressed by the different vaccine
candidates. The MVA-CMDR and MVAG62 share similar features. In both recombinants
the truncated gpl60 env gene was inserted into the deletion II, whereas the modified
gag-pol gene was inserted into the deletion III. In addition, both viruses expressed the
Env protein on the surface of the infected cells while Gag and Pol antigens are produced
as noninfectious virus-like particles (VLPs) (6, 10). On the other hand, MVA-HIV
represents a mix of two different MV A recombinants, one expressing the structural env
and gag genes and the other expressing the regulatory tat, rev, nef and reverse
transcriptase (RT) genes, all at different locus (22). Our MVA-B vaccine has inserted in
the single viral TK locus the env and gag-pol-nef genes, and both are expressed in
infected cells simultaneously, with the monomeric gp120 Env protein as a cell released
product, and Gag-Pol-Nef (GPN) as an intracellular polyprotein. The better stimulation
of CD4 T cells in the previous studies might be related with the preferential activation
of the exogenous pathway of antigen presentation by secreted products as VLPs or Env

protein. In fact, in our study almost all the vaccine-induced CD4+ T cell response was



449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482

directed against Env. The MVA-B-induced T cell responses against Gag and GPN
antigens were mainly mediated by CD8+ T cells and this might be related with the
activation of the intrinsic pathway of antigen presentation by the Gag-Pol-Nef
intracellular polyprotein. As we have reported, both the expression of gp120 and GPN
by MVA-B on moDCs had an effect on host cellular functions. In fact, expression of
HIV-1 proteins from moDCs infected with MVA-B induced the expression of
cytokines, cytokine receptors, chemokine receptors, and molecules involved in antigen
uptake and processing, including major histocompatibility complex (MHC) genes,
whose products might act as regulators of immune responses to HIV-1 antigens (14).
Moreover, MVA-B infection of moDCs stimulate strong HIV-1 immune response,
mainly induced by CD8+ T cell proliferation together with high secretion of CD8+-
polyfunctional-related cytokines (2). Thus, the preferential induction of CD8+ T cells
by MVA-B might be related to the intrinsic innate vector-effects on target cells.

In addition to T cell responses, MVA-B also elicited strong and durable Env-specific
humoral response. Binding antibodies against HIV-1 LAVgpl60 were detected in
45.8% of the volunteers after the second MVA-B dose, while nearly all recipients
(95.8%) tested positive by ELISA after the third MVA-B dose. At 32 weeks after the
last immunization 72.7% of the vaccinees had detectable levels of anti-Env antibodies
(Garcia, F et al., submitted). These results are comparable to the previous studies
reported by Currier et al. (3) and Goepfert et al. (10) in which the anti-Env antibody
responses peaked after the third dose of MVA-CMDR (90%) and MVA62 (86%)
respectively.

In our vaccination scheme with MV A-B, the last boost was needed to enhance humoral
HIV-1-specific responses in vaccinees, and might also be important for increasing and
maintaining the anti-Gag and anti-GPN CD8+ T cell responses. The ICS data correlated
with the immune responses detected by IFN-y ELISPOT in all volunteers included in
the RISVACO2 study, where at early times the higher responses were detected against
Env and after the third dose of MVA-B these responses were against Gag and GPN
(Garcia,F et al., submitted). Similar remarks were reported in the MVA62 study
although the specific responses were lost 6 months after the last dose (10). The
induction of Gag responses in vaccinees could be favourable for a vaccine since in the
natural HIV-1 infection it has been reported that Gag-specific CD8+ T cell responses
are associated with better control of HIV/AIDS disease in individuals with chronic

HIV-1 infection (7, 9, 23). The HIV-1-specific CD4+ and CD8+T cell responses
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induced by MVA-B vaccine were polyfunctional and both T cells subsets maintained
similar functional profiles after 2 or 3 doses of the MVA-B vaccine. In this regard
several studies performed in the setting of HIV-1 infection have shown that
polyfunctional T cell responses are associated with better clinical outcome and
protection from disease progression (20, 31, 33).

A critical component of the effectiveness of vaccines is their ability to induce long-
lasting immunity. Here we observed that 84.6% of volunteers have HIV-1-specific T
cell responses at week 48. This response rate is higher than the reported in other studies
using multigenic vaccines such as MVA-CMDR (about 60%) (3), MVAG62 (8%) (10) or
TBC-M4, that although reported 100% of responders after the third dose, point out that
only few vaccinated individuals exhibited long lasting responses (34). The T cell
responses at week 48 were balanced and do not differ with the response obtained 2
weeks after the third booster. In our volunteers the vaccine-induced CD4+ T cell
populations had mainly TCM (CD45RA"CCR7") or TEM (CD45RACCR7)
phenotypes which correspond to cells with effector functions but also with the ability to
secrete IL-2 and endowed with proliferation capacity (4, 17, 19, 37). In the case of
CD8+ T cells the memory phenotypes were either TEM (CD45RA CCR7) or TEMRA
(CD45RACCR7"). The presence of both memory populations at 8 months after the last
vaccination is an important consideration since they have been implicated in the control
of different virus infections. The presence of CD45RA'CCR7™ CDS8 T cells has been
found in controlled chronic virus infections such as CMV and EBV (4, 18, 42), and a
correlation between the percentage of this cell population and virus control has also
been shown in HIV-1 infection (31). Moreover, it was recently described the relevance
of the effector memory T cells on the early control of highly pathogenic SIV (15).

As others (33), we observed that MVA-B vaccine also induced specific anti-vector
immune responses mainly mediated by the CD8 T cells. The responses were highly
polyfunctional, with about 70% of MVA-specific CD8+ T cells displaying more than
one function. Significantly, the magnitude and polyfunctionality of anti-vector CD8+ T
cell responses were maintained after the third dose of MVA-B and were durable, with a
phenotype related with advanced stages of differentiation. The anti-vector memory
responses were predominantly of TEM phenotype for CD4+ T cells and of TEMRA for
CD8+ T cells.

In conclusion, this study revealed a number of significant findings on the immune

profile of the MVA-B vector as an HIV/AIDS vaccine based on ICS data from human
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PBMCs. First, the vector MVA-B given alone is highly immunogenic as over 90%
recipients responded to the vaccine; second, MVA-B induces broad HIV-1-specific T
cell responses, comprising of both CD4 and CD8 T cells, which were balanced after the
third dose; third, the HIV-1-specific immune responses triggered by MVA-B were
polyfunctional; fourth, MVA-B responses were maintained at least for one year in 85%
of vaccinees, with HIV-1-specific memory T cells being of TEM and TEMRA
phenotypes for CD8+ T cells; fifth, the anti-vector responses were largely
polyfunctional with predominance of memory CD8+ T cells of TEMRA phenotype.
This immune profile fulfils immune requirements as a promissing HIV/AIDS vaccine
candidate, and support to move forward the MVA-B product into larger clinical trial,
alone or combined with other HIV-1 immunogens, like DNA or proteins. Undoubtedly,
the immune value of MVA-B vaccine to impact the outcome of HIV-1 infection can

only be tested in an efficacy trial.



531
532
533
534
535

Acknowledgments

This investigation was supported by grants from FIPSE-360731/09, the Ministry of
Science and Innovation (SAF2008-02036) and Foundation Botin of Spain (to ME). We
are grateful to EuroVacc Foundation for peptide pools of HIV-1 antigens from clade B.

We thank Dr. Alexandre Harari for evaluation of the ICS data and critical advice.



536

537
538

539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569

References

1. Bull, M., D. Lee, J. Stucky, Y. L. Chiu, A. Rubin, H. Horton, and M. J.
McElrath. 2007. Defining blood processing parameters for optimal detection of
cryopreserved antigen-specific responses for HIV vaccine trials. J Immunol Methods
322:57-69.

2. Climent, N., S. Guerra, F. Garcia, C. Rovira, L. Miralles, C. E. Gomez, N.
Pique, C. Gil, J. M. Gatell, M. Esteban, and T. Gallart. Dendritic Cells Exposed to
MVA-Based HIV-1 Vaccine Induce Highly Functional HIV-1-Specific CD8 T Cell
Responses in HIV-1-Infected Individuals. PLoS One 6:¢19644.

3. Currier, J. R., V. Ngauy, M. S. de Souza, S. Ratto-Kim, J. H. Cox, V. R.
Polonis, P. Earl, B. Moss, S. Peel, B. Slike, S. Sriplienchan, P. Thongcharoen, R. M.
Paris, M. L. Robb, J. Kim, N. L. Michael, and M. A. Marovich. 2010. Phase I safety
and immunogenicity evaluation of MVA-CMDR, a multigenic, recombinant modified
vaccinia Ankara-HIV-1 vaccine candidate. PLoS One 5:e13983.

4. Champagne, P., G. S. Ogg, A. S. King, C. Knabenhans, K. Ellefsen, M.
Nobile, V. Appay, G. P. Rizzardi, S. Fleury, M. Lipp, R. Forster, S. Rowland-
Jones, R. P. Sekaly, A. J. McMichael, and G. Pantaleo. 2001. Skewed maturation of
memory HIV-specific CD8 T lymphocytes. Nature 410:106-11.

5. Dubey, S., J. Clair, T. M. Fu, L. Guan, R. Long, R. Mogg, K. Anderson, K.
B. Collins, C. Gaunt, V. R. Fernandez, L. Zhu, L. Kierstead, S. Thaler, S. B.
Gupta, W. Straus, D. Mehrotra, T. W. Tobery, D. R. Casimiro, and J. W. Shiver.
2007. Detection of HIV vaccine-induced cell-mediated immunity in HIV-seronegative
clinical trial participants using an optimized and validated enzyme-linked immunospot
assay. J Acquir Immune Defic Syndr 45:20-7.

6. Earl, P. L., C. Cotter, B. Moss, T. VanCott, J. Currier, L. A. Eller, F.
McCutchan, D. L. Birx, N. L. Michael, M. A. Marovich, M. Robb, and J. H. Cox.
2009. Design and evaluation of multi-gene, multi-clade HIV-1 MVA vaccines. Vaccine
27:5885-95.

7. Frahm, N., B. T. Korber, C. M. Adams, J. J. Szinger, R. Draenert, M. M.
Addo, M. E. Feeney, K. Yusim, K. Sango, N. V. Brown, D. SenGupta, A.
Piechocka-Trocha, T. Simonis, F. M. Marincola, A. G. Wurcel, D. R. Stone, C. J.
Russell, P. Adolf, D. Cohen, T. Roach, A. StJohn, A. Khatri, K. Davis, J. Mullins,
P. J. Goulder, B. D. Walker, and C. Brander. 2004. Consistent cytotoxic-T-



570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603

lymphocyte targeting of immunodominant regions in human immunodeficiency virus
across multiple ethnicities. J Virol 78:2187-200.

8. Garcia-Arriaza, J., J. L. Najera, C. E. Gomez, C. O. Sorzano, and M.
Esteban. 2010. Immunogenic profiling in mice of a HIV/AIDS vaccine candidate
(MVA-B) expressing four HIV-1 antigens and potentiation by specific gene deletions.
PLoS One 5:¢12395.

9. Geldmacher, C., J. R. Currier, E. Herrmann, A. Haule, E. Kuta, F.
McCutchan, L. Njovu, S. Geis, O. Hoffmann, L. Maboko, C. Williamson, D. Birx,
A. Meyerhans, J. Cox, and M. Hoelscher. 2007. CDS8 T-cell recognition of multiple
epitopes within specific Gag regions is associated with maintenance of a low steady-
state viremia in human immunodeficiency virus type 1-seropositive patients. J Virol
81:2440-8.

10. Goepfert, P. A., M. L. Elizaga, A. Sato, L. Qin, M. Cardinali, C. M. Hay, J.
Hural, S. C. DeRosa, O. D. DeFawe, G. D. Tomaras, D. C. Montefiori, Y. Xu, L.
Lai, S. A. Kalams, L. R. Baden, S. E. Frey, W. A. Blattner, L. S. Wyatt, B. Moss,
and H. L. Robinson. 2011. Phase 1 safety and immunogenicity testing of DNA and
recombinant modified vaccinia Ankara vaccines expressing HIV-1 virus-like particles. J
Infect Dis 203:610-9.

11. Gomez, C. E., J. L. Najera, E. P. Jimenez, V. Jimenez, R. Wagner, M. Graf,
M. J. Frachette, P. Liljestrom, G. Pantaleo, and M. Esteban. 2007. Head-to-head
comparison on the immunogenicity of two HIV/AIDS vaccine candidates based on the
attenuated poxvirus strains MVA and NYVAC co-expressing in a single locus the HIV-
1BX08 gp120 and HIV-1(I1IB) Gag-Pol-Nef proteins of clade B. Vaccine 25:2863-85.
12. Gomez, C. E., J. L. Najera, M. Krupa, and M. Esteban. 2008. The poxvirus
vectors MVA and NYVAC as gene delivery systems for vaccination against infectious
diseases and cancer. Curr Gene Ther 8:97-120.

13. Gotch, F., H. Holmes, and N. Imami. 2005. The importance of standardisation
of laboratory evaluations in HIV vaccine trials. Microbes Infect 7:1424-32.

14. Guerra, S., J. M. Gonzalez, N. Climent, H. Reyburn, L. A. Lopez-
Fernandez, J. L. Najera, C. E. Gomez, F. Garcia, J. M. Gatell, T. Gallart, and M.
Esteban. 2010. Selective induction of host genes by MVA-B, a candidate vaccine
against HIV/AIDS. J Virol.

15. Hansen, S. G., J. C. Ford, M. S. Lewis, A. B. Ventura, C. M. Hughes, L.
Coyne-Johnson, N. Whizin, K. Oswald, R. Shoemaker, T. Swanson, A. W. Legasse,



604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637

M. J. Chiuchiolo, C. L. Parks, M. K. Axthelm, J. A. Nelson, M. A. Jarvis, M.
Piatak, J. D. Lifson, and L. J. Picker. Profound early control of highly pathogenic
SIV by an effector memory T-cell vaccine. Nature.

16. Harari, A., P. A. Bart, W. Stohr, G. Tapia, M. Garcia, E. Medjitna-Rais, S.
Burnet, C. Cellerai, O. Erlwein, T. Barber, C. Moog, P. Liljestrom, R. Wagner, H.
Wolf, J. P. Kraehenbuhl, M. Esteban, J. Heeney, M. J. Frachette, J. Tartaglia, S.
McCormack, A. Babiker, J. Weber, and G. Pantaleo. 2008. An HIV-1 clade C DNA
prime, NYVAC boost vaccine regimen induces reliable, polyfunctional, and long-
lasting T cell responses. J Exp Med 205:63-77.

17. Harari, A., V. Dutoit, C. Cellerai, P. A. Bart, R. A. Du Pasquier, and G.
Pantaleo. 2006. Functional signatures of protective antiviral T-cell immunity in human
virus infections. Immunol Rev 211:236-54.

18. Harari, A., F. Vallelian, P. R. Meylan, and G. Pantaleo. 2005. Functional
heterogeneity of memory CD4 T cell responses in different conditions of antigen
exposure and persistence. J Immunol 174:1037-45.

19.  Harari, A., F. Vallelian, and G. Pantaleo. 2004. Phenotypic heterogeneity of
antigen-specific CD4 T cells under different conditions of antigen persistence and
antigen load. Eur J Immunol 34:3525-33.

20.  Heeney, J. L., and S. A. Plotkin. 2006. Immunological correlates of protection
from HIV infection and disease. Nat Immunol 7:1281-4.

21. Jaoko, W., F. N. Nakwagala, O. Anzala, G. O. Manyonyi, J. Birungi, A.
Nanvubya, F. Bashir, K. Bhatt, H. Ogutu, S. Wakasiaka, L. Matu, W. Waruingi, J.
Odada, M. Oyaro, J. Indangasi, J. Ndinya-Achola, C. Konde, E. Mugisha, P. Fast,
C. Schmidt, J. Gilmour, T. Tarragona, C. Smith, B. Barin, L. Dally, B. Johnson, A.
Muluubya, L. Nielsen, P. Hayes, M. Boaz, P. Hughes, T. Hanke, A. McMichael, J.
Bwayo, and P. Kaleebu. 2008. Safety and immunogenicity of recombinant low-dosage
HIV-1 A vaccine candidates vectored by plasmid pTHr DNA or modified vaccinia virus
Ankara (MVA) in humans in East Africa. Vaccine 26:2788-95.

22. Keefer, M. C., S. E. Frey, M. Elizaga, B. Metch, S. C. De Rosa, P. F.
Barroso, G. Tomaras, M. Cardinali, P. Goepfert, A. Kalichman, V. Philippon, M.
J. McElrath, X. Jin, G. Ferrari, O. D. Defawe, G. P. Mazzara, D. Montefiori, M.
Pensiero, D. L. Panicali, and L. Corey. 2011. A phase I trial of preventive HIV
vaccination with heterologous poxviral-vectors containing matching HIV-1 inserts in

healthy HIV-uninfected subjects. Vaccine 29:1948-1958.



638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669

23. Kiepiela, P., K. Ngumbela, C. Thobakgale, D. Ramduth, I. Honeyborne, E.
Moodley, S. Reddy, C. de Pierres, Z. Mncube, N. Mkhwanazi, K. Bishop, M. van
der Stok, K. Nair, N. Khan, H. Crawford, R. Payne, A. Leslie, J. Prado, A.
Prendergast, J. Frater, N. McCarthy, C. Brander, G. H. Learn, D. Nickle, C.
Rousseau, H. Coovadia, J. I. Mullins, D. Heckerman, B. D. Walker, and P.
Goulder. 2007. CD8+ T-cell responses to different HIV proteins have discordant
associations with viral load. Nat Med 13:46-53.

24, Kutscher, S., S. Allgayer, C. J. Dembek, J. R. Bogner, U. Protzer, F. D.
Goebel, V. Erfle, and A. Cosma. 2010. MVA-nef induces HIV-1-specific
polyfunctional and proliferative T-cell responses revealed by the combination of short-
and long-term immune assays. Gene Ther 17:1372-83.

25. Mascola, J. R., and D. C. Montefiori. 2010. The role of antibodies in HIV
vaccines. Annu Rev Immunol 28:413-44.

26. McCormack, S., W. Stohr, T. Barber, P. A. Bart, A. Harari, C. Moog, D.
Ciuffreda, C. Cellerai, M. Cowen, R. Gamboni, S. Burnet, K. Legg, E. Brodnicki,
H. Wolf, R. Wagner, J. Heeney, M. J. Frachette, J. Tartaglia, A. Babiker, G.
Pantaleo, and J. Weber. 2008. EV02: a Phase I trial to compare the safety and
immunogenicity of HIV DNA-C prime-NYVAC-C boost to NYVAC-C alone. Vaccine
26:3162-74.

27. McElrath, M. J., and B. F. Haynes. 2010. Induction of immunity to human
immunodeficiency virus type-1 by vaccination. Immunity 33:542-54.

28. Mooij, P., S. S. Balla-Jhagjhoorsingh, G. Koopman, N. Beenhakker, P. van
Haaften, I. Baak, I. G. Nieuwenhuis, I. Kondova, R. Wagner, H. Wolf, C. E.
Gomez, J. L. Najera, V. Jimenez, M. Esteban, and J. L. Heeney. 2008. Differential
CD4+ versus CD8+ T-cell responses elicited by different poxvirus-based human
immunodeficiency virus type 1 vaccine candidates provide comparable efficacies in
primates. J Virol 82:2975-88.

29. Najera, J. L., C. E. Gomez, J. Garcia-Arriaza, C. O. Sorzano, and M.
Esteban. 2010. Insertion of vaccinia virus C7L host range gene into NYVAC-B
genome potentiates immune responses against HIV-1 antigens. PLoS One 5:e11406.

30. Pantaleo, G., M. Esteban, B. Jacobs, and J. Tartaglia. 2010. Poxvirus vector-
based HIV vaccines. Curr Opin HIV AIDS 5:391-6.



670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703

31.  Pantaleo, G., and R. A. Koup. 2004. Correlates of immune protection in HIV-1
infection: what we know, what we don't know, what we should know. Nat Med 10:806-
10.

32. Peters, B. S., W. Jaoko, E. Vardas, G. Panayotakopoulos, P. Fast, C.
Schmidt, J. Gilmour, M. Bogoshi, G. Omosa-Manyonyi, L. Dally, L. Klavinskis, B.
Farah, T. Tarragona, P. A. Bart, A. Robinson, C. Pieterse, W. Stevens, R. Thomas,
B. Barin, A. J. McMichael, J. A. McIntyre, G. Pantaleo, T. Hanke, and J. Bwayo.
2007. Studies of a prophylactic HIV-1 vaccine candidate based on modified vaccinia
virus Ankara (MVA) with and without DNA priming: effects of dosage and route on
safety and immunogenicity. Vaccine 25:2120-7.

33. Precopio, M. L., M. R. Betts, J. Parrino, D. A. Price, E. Gostick, D. R.
Ambrozak, T. E. Asher, D. C. Douek, A. Harari, G. Pantaleo, R. Bailer, B. S.
Graham, M. Roederer, and R. A. Koup. 2007. Immunization with vaccinia virus
induces polyfunctional and phenotypically distinctive CD8(+) T cell responses. J Exp
Med 204:1405-16.

34, Ramanathan, V. D., M. Kumar, J. Mahalingam, P. Sathyamoorthy, P. R.
Narayanan, S. Solomon, D. Panicali, S. Chakrabarty, J. Cox, E. Sayeed, J.
Ackland, C. Verlinde, D. Vooijs, K. Loughran, B. Barin, A. Lombardo, J. Gilmour,
G. Stevens, M. S. Smith, T. Tarragona-Fiol, P. Hayes, S. Kochhar, J. L. Excler,
and P. Fast. 2009. A Phase 1 study to evaluate the safety and immunogenicity of a
recombinant HIV type 1 subtype C-modified vaccinia Ankara virus vaccine candidate in
Indian volunteers. AIDS Res Hum Retroviruses 25:1107-16.

35. Rerks-Ngarm, S., P. Pitisuttithum, S. Nitayaphan, J. Kaewkungwal, J.
Chiu, R. Paris, N. Premsri, C. Namwat, M. de Souza, E. Adams, M. Benenson, S.
Gurunathan, J. Tartaglia, J. G. McNeil, D. P. Francis, D. Stablein, D. L. Birx, S.
Chunsuttiwat, C. Khamboonruang, P. Thongcharoen, M. L. Robb, N. L. Michael,
P. Kunasol, and J. H. Kim. 2009. Vaccination with ALVAC and AIDSVAX to
prevent HIV-1 infection in Thailand. N Engl J Med 361:2209-20.

36. Ross, A. L., A. Brave, G. Scarlatti, A. Manrique, and L. Buonaguro. 2010.
Progress towards development of an HIV vaccine: report of the AIDS Vaccine 2009
Conference. Lancet Infect Dis 10:305-16.

37. Sallusto, F., J. Geginat, and A. Lanzavecchia. 2004. Central memory and
effector memory T cell subsets: function, generation, and maintenance. Annu Rev

Immunol 22:745-63.



704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727

38. Sandstrom, E., C. Nilsson, B. Hejdeman, A. Brave, G. Bratt, M. Robb, J.
Cox, T. Vancott, M. Marovich, R. Stout, S. Aboud, M. Bakari, K. Pallangyo, K.
Ljungberg, B. Moss, P. Earl, N. Michael, D. Birx, F. Mhalu, B. Wahren, and G.
Biberfeld. 2008. Broad immunogenicity of a multigene, multiclade HIV-1 DNA
vaccine boosted with heterologous HIV-1 recombinant modified vaccinia virus Ankara.
J Infect Dis 198:1482-90.

39. Sutter, G., and C. Staib. 2003. Vaccinia vectors as candidate vaccines: the
development of modified vaccinia virus Ankara for antigen delivery. Curr Drug Targets
Infect Disord 3:263-71.

40. Vasan, S., S. J. Schlesinger, Z. Chen, A. Hurley, A. Lombardo, S. Than, P.
Adesanya, C. Bunce, M. Boaz, R. Boyle, E. Sayeed, L. Clark, D. Dugin, M. Boente-
Carrera, C. Schmidt, Q. Fang, LeiBa, Y. Huang, G. J. Zaharatos, D. F. Gardiner,
M. Caskey, L. Seamons, M. Ho, L. Dally, C. Smith, J. Cox, D. Gill, J. Gilmour, M.
C. Keefer, P. Fast, and D. D. Ho. 2010. Phase 1 safety and immunogenicity evaluation
of ADMVA, a multigenic, modified vaccinia Ankara-HIV-1 B'/C candidate vaccine.
Plos One 5:¢8816.

41. Wilson, E. 1927. Probable inference, the law of succession, and statistical
inference. J. Am. Stat. Assoc 22:209-212.

42. Zimmerli, S. C., A. Harari, C. Cellerai, F. Vallelian, P. A. Bart, and G.
Pantaleo. 2005. HIV-1-specific IFN-gamma/IL-2-secreting CD8 T cells support CD4-
independent proliferation of HIV-1-specific CD8 T cells. Proc Natl Acad Sci U S A
102:7239-44.



728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761

Figure Legends

Figure 1: MVA-B-induced HIV-1-specific T cell responses across the study. (A)
Chronological diagram showing the vaccination schedule followed in the RISVACO02
study and the immunogenicity endpoints. (B) Percentage of responders at the different
time points. The percentage of responders was calculated on the basis of volunteers with
a positive IFN-y ICS. (C) Magnitude of vaccine specific CD4+ and CD8+ T cells at the
different time points. The mean values for the total responses (Env+Gag+GPN) in each
T cell population are shown. The box plots showed the distribution of responses in
positive responders only. The box indicated the median (solid line), mean (dash line),
and interquartile range (IQR). p values for significant differences were determined using
Mann-Whitney U test and are represented. (D) Breadth of CD4+ and CD8+ T cell
responses at the different time points. Percentage of responders that recognized 1, 2 or 3
HIV-1 peptide pools in both T cell subsets are shown. (E) Percentage of CD4+ and
CD8+ T cells producing IFN-y in response to Env, Gag or GPN peptide pools as
measured by ICS at the different time points. The box plots showed the distribution of
responses in positive responders only. The box indicated the median (solid line), mean
(dash line), and interquartile range (IQR). p values for significant differences were
determined using Wilcoxon rank sum test with continuity correction and are

represented. All data are background substracted.

Figure 2: Vaccine-induced T cell responses at primary immunogenicity endpoints
(weeks 6 and 18). (A) Magnitude of HIV-1-specific CD4+ and CD8+ T cells after two
and three doses of MVA-B. The mean values for the total responses (Env+Gag+GPN)
in each T cell population are shown. The box plots showed the distribution of responses
in positive responders only. The box indicated the median (solid line), mean (dash line),
and interquartile range (IQR). (B) Percentages of HIV-1-specific T cells secreting
cytokines in the CD4 and CDS8 T subsets. The box plots showed the distribution of
responses in positive responders only. The box indicated the median (solid line), mean
(dash line), and interquartile range (IQR). Data points represent the sum of the
frequencies obtained against Env+Gag+GPN peptide pools. All data are background
substracted. ** represents p values<0.005 determined using Wilcoxon rank sum test
with continuity correction comparing at the same time points the secretion of the

different cytokines.
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Figure 3: Functional profile of vaccine-induced CD4 and CD8 T cells. The results
shown are generated from the determinations in responders at weeks 6 and 18. All the
possible combinations of the responses are shown on the x axis, whereas the percentage
of the functionally distinct cell populations within the total CD4 and CD8 T cell
populations are shown on the y axis. Responses are grouped and colour-coded on the
basis of the number of functions. The bars correspond to the individual data point and
interquartile range (IQR) after 2 (W6) or 3 (W18) doses of MVA-B. The pie charts
showed the average proportion of the CD4 or CD8 vaccine-specific T cell responses

according to the functions.

Figure 4: Phenotype of long-lived memory vaccine-induced T cell responses. (A)
Distribution of HIV-1 antigen-specific T cells at week 48 based on CCR7 expression in
combination with CD45RA. The bars correspond to the individual data point and
interquartile range (IQR) of the CD4+ and CD8+ T cell responses against
Env+Gag+GPN with phenotype central memory (TCM: CD45RA—CCR7+), effector
memory (TEM: CD45RA-CCR7-) or terminally differentiated effector memory
(TEMRA: CD45RA+CCR7-). The pie charts showed the average proportion of the
CD4+ or CD8+ vaccine-specific T cell responses according to the memory phenotype. *
represent distributions that are different from the CD4 T cell subset at p<0.05 (Student
T test). All data are background substracted. (B) Representative phenotypic profiles of
long-lived memory HIV-1-specific CD4 and CDS8 T cells. Fresh PBMCs obtained from
the responder volunteers at week 48 were stimulated with Env, Gag or GPN peptide
pools. The red dots indicate antigen-specific (IL-2 plus IFN-y) vaccine-induced CD4+ T
cells and blue dots indicate antigen-specific (IL-2 plus IFN-y) vaccine-induced CD8+ T
cells, both overlaid on the total T cell subsets (grey). Neg, background values in

unstimulated cells.

Figure 5: Anti-vector-induced T cell responses across the study. (A) Percentage of
CD4+ and CD8&+ T cells producing IFN-y against MV A-infected cells as measured by
ICS at the different time points. The box plots showed the distribution of responses in
positive responders at weeks 6 and 18. The box indicated the median (solid line), mean
(dash line), and interquartile range (IQR). All data are background substracted. p values
for significant differences were determined using Wilcoxon rank sum test with

continuity correction and are represented. (B) Functional profile of MV A-specific CD8
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T cells. The results shown are generated from the determinations in all the responders.
All the possible combinations of the responses are shown on the x axis, whereas the
percentages of the functionally distinct cell populations within the total CD8 T cell
populations are shown on the y axis. Responses are grouped and colour-coded on the
basis of the number of functions. The bars correspond to the individual data point and
interquartile range (IQR) after 2 (W6) or 3 (W18) doses of MVA-B. The pie charts
showed the average proportion of the MV A-specific CD8+ T cell responses according
to the functions. (C) Phenotype of long-lived memory MV A-specific T cell responses.
Distribution of MVA-specific T cells at week 48 based on CCR7 expression in
combination with CD45RA. The bars correspond to the individual data point and
interquartile range (IQR) of the CD4+ and CD8+ T cell responses against MVA-
infected cells with phenotype central memory (TCM: CD45RA-CCR7+), effector
memory (TEM: CD45RA-CCR7-) or terminal effector memory (TEMRA:
CD45RA+CCR7-). The pie charts showed the average proportion of the CD4+ or CD8+
MVA-specific T cell responses according to the memory phenotype. * represent
distributions that are different from the CD4 T cell subset at p<0.05 (Student T test). All

data are background substracted.



TABLE 1: Vaccine responsiveness based on IFN-y+ ICS assay across the RISVACO02 study

Vaccination Week 6 Week 18 Week 48 Cumulative
group Antigen | (2 Wks post 2™ (2 Wks post 3) (30 Wks post 3") (Any post vacc)
CDh4 CD8 CD4 CD8 CD4 CD8 CD4 CD8
Env 7/12 4/12 3/13 5/13 5/13 5/13 9/13 8/13
(58.3%) | (33.3%) | (23.1%) | (38.5%) | (38.5%) | (38.5%) | (69.2%) | (61.5%)
Ga 1/12 3/12 0/13 513 1/13 6/13 2/13 9/13
MVA-B € | (83%) | (25.0%) | (0%) | (38.5%) | (7.7%) | (46.1%) | (15.4%) | (69.2%)
(108 PFU) GPN 0/12 3/12 0/13 4/13 1/13 5/13 1/13 9/13
0%) | (25.0%) | (0%) | (30.8%) | (7.7%) | (38.5%) | (1.7%) | (69.2%)
Any 7/12 6/12 3/13 8/13 5113 9/13 9/13 12/13
(58.3%) | (50.0%) | (23.1%) | (61.5%) | (38.5%) | (69.2%) | (69.2%) | (92.3%)*
Env 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3
(0%) (0%) (0%) (0%) (0%) (0%) | (0%) (0%)
Gag 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3
Placebo (0%) (0%) (0%) (0%) (0%) (0%) | (0%) (0%)
GPN 1/3++ 1/3++ 0/3 0/3 1/3++ 0/3 1/3++ 1/3++
(33.3%) | (33.3%) | (0%) | (0%) | (333%) | (0%) | (33.3%) | (33.3%)
Any 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3
0%) 0%) 0%) 0%) 0%) 0%) (0%) 0%)

An ICS was considered positive if the percentages of IFN-y+ cells in the stimulated samples were 3

times over the values obtained in the unstimulated controls and if the background-substracted

magnitudes were higher than 0.02%. One volunteer at week 6 did not have data. Cumulative analysis

represents a positive response at any time point post-vaccination.

++One placebo recipient was excluded for the cumulative analysis due to the reactivity against GPN

pool at baseline and at subsequent time points. For this reason, the GPN pool was excluded in the

comparison of the cumulative responses between vaccinees and placebo groups.

* The differences among cumulative proportions between vaccinees and placebo groups have been

tested by comparing two binomial distributions (implemented by the R function prop. test).
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