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Modified vaccinia virus Ankara (MVA) is a safe, attenuated orthopoxvirus that is being developed as a vaccine vector but has
demonstrated limited immunogenicity in several early-phase clinical trials. Our objective was to rationally improve the immu-
nogenicity of MVA-based HIV/AIDS vaccines via the targeted deletion of specific poxvirus immune-modulatory genes. Vaccines
expressing codon-optimized HIV subtype C consensus Env and Gag antigens were generated from MVA vector backbones that
(i) harbor simultaneous deletions of four viral immune-modulatory genes, encoding an interleukin-18 (IL-18) binding protein,
an IL-1� receptor, a dominant negative Toll/IL-1 signaling adapter, and CC-chemokine binding protein (MVA�4-HIV); (ii) har-
bor a deletion of an additional (fifth) viral gene, encoding uracil-DNA glycosylase (MVA�5-HIV); or (iii) represent the parental
MVA backbone as a control (MVA-HIV). We performed head-to-head comparisons of the cellular and humoral immune re-
sponses that were elicited by these vectors during homologous prime-boost immunization regimens utilizing either high-dose
(2 � 108 PFU) or low-dose (1 � 107 PFU) intramuscular immunization of rhesus macaques. At all time points, a majority of the
HIV-specific T cell responses, elicited by all vectors, were directed against Env, rather than Gag, determinants, as previously ob-
served with other vector systems. Both modified vectors elicited up to 6-fold-higher frequencies of HIV-specific CD8 and CD4 T
cell responses and up to 25-fold-higher titers of Env (gp120)-specific binding (nonneutralizing) antibody responses that were
relatively transient in nature. While the correlates of protection against HIV infection remain incompletely defined, our results
indicate that the rational deletion of specific genes from MVA vectors can positively alter their cellular and humoral immunoge-
nicity profiles in nonhuman primates.

The development of a safe and efficacious human immunode-
ficiency virus (HIV) vaccine remains a high priority in order to

provide a sustainable solution to control the current AIDS pan-
demic (82). However, correlates of protection against HIV infec-
tion and disease progression remain incompletely defined and
therefore pose a challenge to vaccine development with regard to
defining the precise nature of protective immune responses that
should be emulated through immunization (29, 31). While the
generation of antibodies that exhibit broad neutralization activity
against diverse HIV strains holds the promise of informing efforts
to confer sterilizing immunity against HIV infection, relevant
HIV envelope (Env)-derived immunogens that are capable of elic-
iting such broadly neutralizing antibodies in the context of immu-
nization represent a still-unrealized vision (84). Interestingly, the
RV144 efficacy trial evaluated a vaccination regimen consisting of
priming with a series of recombinant canarypox virus (ALVAC-
HIV) immunizations followed by boosting immunizations with
recombinant gp120 (AIDSVAX-B/E) and demonstrated an over-
all vaccine efficacy of 31% for the reduction of HIV acquisition.
Because this immunization regimen induced predominantly non-
neutralizing antibodies, rather than T cell immunity, these results
suggest that nonneutralizing antibodies that target the HIV enve-
lope may contribute more to the prevention of HIV acquisition
than previously appreciated (41, 68).

Alternatively, the development of AIDS vaccines whose mech-
anism of action is predicated upon eliciting T cell responses to
control HIV infection, rather than to prevent infection per se, has

progressed in preclinical models (8, 37, 43, 50, 51, 85), but these
vaccines have not yet demonstrated efficacy in humans (14, 53).
While the efficacy of the ALVAC-HIV–AIDSVAX-B/E vaccine
evaluated in the RV144 trial was limited, and the mechanism of
protection is not known with certainty, results from this trial sug-
gest that an immunization regimen comprised of priming with a
poxvirus vector followed by boosting with recombinant gp120 is
superior to immunization with recombinant gp120 alone (49, 67).
As such, these results provide an additional rationale for our work
to improve the immunogenicity of poxvirus-based AIDS vaccines.

In light of currently available clinical trial data, it is widely
thought that an effective HIV vaccine will need to elicit both hu-
moral and cellular immunity and at higher levels, while targeting
larger numbers of diverse viral targets, than have otherwise been
achieved to date (19, 53). Toward this goal, we have conducted the
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current study with the aim of improving the immunogenicity of
HIV vaccines derived from modified vaccinia virus Ankara
(MVA), a safe and highly attenuated orthopoxvirus that is actively
being developed as an AIDS vaccine (22, 26, 35, 46, 61, 66, 69, 83).

MVA was originally developed as a smallpox virus vaccine and
was derived through the extensive serial passaging of its parental
strain of vaccinia virus on primary chicken embryo fibroblast cul-
tures (52). As a result of this classical attenuation, MVA under-
went a deletion of 31 kb (�15%) of its genome, compared to its
parental strain, and harbors numerous gene deletions, including
deletions of genes that otherwise contribute to virus evasion from
host immune responses and that determine host range (6, 56). As
a result, MVA does not replicate productively in most mammalian
cell types, with infection being aborted at a relatively late stage of
virion assembly and maturation following the expression of viral
early and late genes (11, 15, 27). The resulting inability of MVA to
replicate in human hosts likely contributes substantially to its ex-
cellent safety profile as both a smallpox vaccine as well as a recom-
binant vaccine vector (17, 22, 64, 79). Given its high level of safety
and ability to accommodate large foreign gene inserts, MVA has
been an attractive candidate as a vector for clinical development
into vaccines against a number of infectious diseases in addition to
HIV/AIDS, including malaria (9, 28, 42, 59, 60) and tuberculosis
(TB) (39, 54, 55, 63), as well as cancers (20, 23, 48, 72; J.-P.L. Bory,
J.-L. Brun, V. Dalstein, and M. Baudin, presented at Eurogin 2006,
Paris, France). Of particular relevance to clinical development is
MVA85A, an MVA-based TB vaccine that expresses antigen 85A
of Mycobacterium tuberculosis and has demonstrated safety and
immunogenicity in Mycobacterium bovis BCG prime-MVA85A
boost immunization strategies (10, 39, 65).

However, MVA-based HIV vaccines have exhibited variable,
but generally limited, immunogenicity in clinical evaluations,
particularly when utilized as a single modality (22, 34, 35, 46, 47,
61, 66, 83). Several known factors contribute to this suboptimal
immunogenicity profile of MVA vectors. These factors include the
immunodominance of the T cell responses to the large number of
vector-derived gene products over the inserted immunogen of
interest as well as the generation of vector-specific neutralizing
antibodies that result in a diminished capacity for effective booster
immunization (16, 44, 70, 73). While prime-boost immunization
regimens that utilize MVA-based vaccines in combination with
heterologous vaccine vectors, such as plasmid DNA (34, 69) and
recombinant adenovirus vectors (8), can improve vaccine immu-
nogenicity, the identification of modifications to the MVA vector
itself that render these vaccines intrinsically more immunogenic
than those derived from the parental MVA backbone should
prove beneficial.

One approach toward improving the immunogenicity of
MVA-based vaccines that we have pursued is based upon the de-
letion of an essential viral replication gene (udg) to abrogate viral
late gene expression and thereby reduce the complexity of the
repertoire of expressed vector antigens that may otherwise com-
pete against antigens of interest (expressed from early viral pro-
moters) for eliciting T and B cell responses (30). A complementary
approach, which we report here, is to delete MVA immune-mod-
ulatory genes that are present in the vector genome and whose
gene products may be predicted to interfere with the optimal gen-
eration of vaccine-induced cellular and humoral immunity.

Despite the loss of numerous viral immune evasion activities
from MVA during its classical attenuation, including genes en-

coding soluble decoy receptors for type I and II interferons and
tumor necrosis factor alpha (TNF-�) (1, 4, 6, 81), MVA still en-
codes a number of immune-modulatory factors, and all MVA-
based vaccines that have advanced into clinical evaluation to date
have been derived from MVA vectors that express these immune-
modulatory genes. We therefore targeted for deletion those genes
encoding a secreted interleukin-18 (IL-18) binding protein
(MVA008L) (75, 80), a soluble IL-1� receptor (MVA184R) (3,
76), a CC-chemokine binding protein (MVA153L) (7, 62), and a
dominant negative Toll/IL-1 signaling adapter (MVA159R) (13,
77). The biological activities of these factors can be inferred by the
fact that deletions of their orthologs from replication-competent
strains of vaccinia virus result in altered pathogenic phenotypes in
murine models (2, 62, 74, 77, 80). Additionally, the observation
that MVA recombinants lacking MVA184R and/or MVA153L
may elicit modestly augmented CD8 T cell responses in mice in-
dicates that the deletion of immune-modulatory genes from
MVA-based vaccines is a relevant approach toward improving
vaccine immunogenicity (18, 21, 32, 78).

In the present study, we targeted four immune-modulatory
genes (MVA008L, MVA153L, MVA159R, and MVA184R) for si-
multaneous deletion (�4) alone and in combination with the de-
letion of udg (�5) as experimental vector modifications. We de-
rived vaccines from the �4, �5, and parental (control) MVA
backbones that express identical HIV consensus subtype C Env
and Gag antigens and comparatively evaluated the cellular and
humoral immune responses that were elicited by these recombi-
nant vaccines in rhesus macaques. As a proof of concept, we dem-
onstrate that these modified vectors elicit frequencies of HIV-
specific CD8 and CD4 T cells as well as titers of HIV Env-specific
antibodies that are transiently of higher magnitudes than those
elicited by a parental control vaccine following prime-boost im-
munization of rhesus macaques. Our results demonstrate, in a
relevant nonhuman primate model, that the cellular and humoral
immunogenicity of MVA-based AIDS vaccines can be rationally
enhanced and suggest that such genetically modified vectors may
be considered alternative platforms to parental MVA vectors for
further development toward clinical trial evaluations.

MATERIALS AND METHODS
Animals and immunizations. Female rhesus macaques, aged 3 to 9 years
(average age, 5.4 years), were randomized into six immunization cohorts
(n � 10 per group). Immunization regimens were comprised of two serial
doses of an identical vaccine vector (MVA�4-HIV, MVA�5-HIV, or
MVA-HIV) at either 2 � 108 PFU (high dose) or 1 � 107 PFU (low dose)
administered at weeks 0 and 9 of the study. Immunizations were per-
formed via intramuscular injection (1-ml volume) into the thigh. All ma-
caques were maintained at the Yerkes National Primate Research Center
(Field Station) in accordance with institutionally and federally approved
animal welfare protocols and standards.

Vectors and inserts. All recombinant MVA vectors used in this study
were derived from an original stock of MVA-1974 (MVA-1974 clone 1
LVDP6 7/22/02), which was kindly provided by B. Moss (NIH). All re-
combinant MVA vectors express synthetic, codon-optimized, HIV sub-
type C consensus gag and env genes (GenBank accession numbers
JX236707 and JX236708) from independent early (modified H5) viral
promoters recombined into the MVA deletion III locus. Salient features of
the HIV Env antigen expressed by all vaccine vectors include the deletion
of V1/V2 and a truncation at Y712 to enhance genetic stability within
recombinant MVA vectors. Additionally, the MVA�4-HIV vector har-
bors deletions of four viral immune evasion genes (MVA008L, MVA153L,
MVA159R, and MVA184R), whereas the MVA�5-HIV vector harbors
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deletions of these four immune evasion genes in combination with the
deletion of viral uracil-DNA glycosylase (MVA101R) (see Table S1 in the
supplemental material). All vectors were generated and propagated and
titers were determined by using a udg-complementing DF-1 fibroblast-
derived cell line, as previously described (30). Sucrose gradient-purified
stocks of recombinant viruses were used for immunizations.

Intracellular cytokine assay. Cryopreserved peripheral blood mono-
nuclear cells (PBMCs) were thawed and rested overnight at 37°C in RPMI
cell culture medium containing 10% heat-inactivated fetal bovine serum
(FBS) and DNase. The assay was performed with 96-well V-bottom plates.
For stimulation, replicate cultures of 1 � 106 PBMCs were incubated with
Gag, Env-1, or Env-2 peptide pools (15-mer, overlapping by 11 that were
identically matched to the Gag and Env antigens expressed by recombi-
nant MVA vectors; [NIH AIDS Research and Reference Reagent Program
and Bio-Synthesis, Inc., Lewisville, TX]) at a final concentration of 2 �g/
peptide/ml or were stimulated with Staphylococcus enterotoxin B (SEB) as
a positive control or not stimulated (negative control), all in the presence
of brefeldin A (10 �g/ml), for 6 h at 37°C. For staining, cells were washed
and then stained with Alexa 430 (Invitrogen) to enable live/dead discrim-
ination, permeabilized (BD fluorescence-activated cell sorter [FACS] per-
meabilizing solution 2), and stained with a cocktail of fluorescently con-
jugated antibodies, fixed in 1% formaldehyde, and acquired on a BD
LSR-II flow cytometer. Antibody conjugates include CD14/CD20-allo-
phycocyanin (APC)-Cy7, CD3-Pacific blue, CD4-fluorescein isothiocya-
nate (FITC), CD8-phycoerythrin-Texas Red (ECD), CD69-peridinin
chlorophyll protein (PerCP), and gamma interferon (IFN-�)–APC. Data
were analyzed by using FlowJo software (TreeStar, Inc.).

Antibody assays. Recombinant gp120 (corresponding to amino acids
[aa] 1 to 446 of the consensus HIV subtype C Env protein expressed from
MVA�4-HIV) expressing a C-terminal hexahistidine tag was expressed in
293 cells, purified via metal affinity chromatography, and used, in carbon-
ate buffer, to coat Maxisorb plates (Nunc, Rochester, NY) for enzyme-
linked immunosorbent assays (ELISAs). Duplicate serial dilutions (2-
fold) of macaque plasma samples, beginning at a 1:20 dilution, were
incubated in wells of gp120-coated ELISA plates for 1 h at 37°C. The plates
were washed four times and incubated with a 1:10,000 dilution of 2o

polyclonal anti-monkey IgG-horseradish peroxidase (HRP) antibody
(Accurate Chemical and Scientific Corp., Westbury, NY) for 1 h at 37°C.
Plates were washed four times with wash buffer and incubated with a TMB
(3,3,5,5=-tetramethylbenzidine) Microwell peroxidase substrate system
(2-C) (KPL, Inc.) for 20 min at room temperature. The reaction was
stopped by the addition of 2 N sulfuric acid. The absorbance (450 nm)
values were obtained via a plate reader and were corrected for the blank-
well absorbance value. Corrected absorbance data were analyzed as a
function of the plasma dilution by nonlinear regression analysis using
Prism software (GraphPad Software, Inc.). For each individual sample,
the HIV Env-specific ELISA titer is reported as the plasma dilution corre-
sponding to an A450 value of 0.3, as interpolated from the fitted curve.
Plasma samples with no detectable Env-specific ELISA titers (i.e., A450 of
	0.3) were coded at the threshold of detection. B5R-specific ELISAs uti-
lized a recombinant B5R protein (BEI Resources) as the coating antigen
and were performed analogously to those for HIV Env. Titers of MVA-
specific binding and neutralizing antibodies were determined as described
previously (30).

RESULTS
Modified MVA vectors elicit enhanced T cell responses in im-
munized macaques. We sought to determine whether MVA vec-
tors with deletions of four different viral immune-modulatory
genes, alone or in combination with a deletion of udg (30), elicit
enhanced T cell responses against expressed HIV antigens (Gag
and Env) compared to those elicited by a control vector that does
not harbor these deletions and represents a parental (i.e., wild-
type) MVA vector backbone. Toward this end, we constructed
vaccine vectors that express identical synthetic, human codon-

optimized, HIV subtype C consensus gag and env genes from early
viral promoters at the MVA deletion III locus but that differ with
regard to deletions of specific combinations of MVA immune-
modulatory and DNA replication genes (MVA�4-HIV, MVA�5-
HIV, and MVA-HIV [control]) (Table 1; also see Table S1 in the
supplemental material).

Improved vaccines that are more immunogenic than current
alternatives could potentially elicit higher levels of immunity than
otherwise achievable and/or allow for the use of lower doses of
vaccines during immunization (i.e., dose sparing). With regard to
MVA-based vaccines, dose-sparing effects would also likely be
advantageous toward offsetting the difficulties anticipated in the
scale-up of vaccine production. In order to investigate the immu-
nogenicity and dose-sparing capacity of the MVA�4-HIV and
MVA�5-HIV vaccines, we immunized six groups of rhesus ma-
caques (n � 10 per group) with 2 � 108 PFU (high dose) or 1 �
107 PFU (low dose) of MVA�4-HIV, MVA�5-HIV, or MVA-HIV
at 0 and 9 weeks, according to a homologous prime-boost exper-
imental design. At various times preceding and following immu-
nizations, we determined the frequencies of Env- and Gag-specific
CD8 and CD4 T cells in PBMCs via intracellular cytokine assays
for the production of IFN-� in response to ex vivo stimulation
with pools of matched overlapping Env and Gag peptides. At 2
weeks following primary immunization, macaques immunized
with high-dose MVA�4-HIV or MVA�5-HIV exhibited signifi-
cantly higher frequencies of total HIV-specific CD8 T cells (re-
ported as HIV Env and Gag responses) than did macaques immu-
nized with the control MVA-HIV vector (range of 0.05 to 4.23 and
geometric mean [GM] of 0.24 for MVA�4-HIV, range of 0.07 to
1.29 and GM of 0.18 for MVA�5-HIV, and range of 0.01 to 0.15
and GM of 0.04 for MVA-HIV) (Fig. 1). When GM frequencies
were compared between groups, the MVA�4-HIV and MVA�5-
HIV vectors elicited 6- and 4-fold-higher frequencies of HIV-spe-
cific CD8 T cells, respectively, than did MVA-HIV. Similarly, at

TABLE 1 Genotypes of recombinant MVA-based HIV vaccines a

Vaccine

Genotype

MVA genes HIV genes

008L 159R 153L 184R 101R C-env C-gag

MVA�4-HIV � � � � 
 
 

MVA�5-HIV � � � � � 
 

MVA-HIV 
 
 
 
 
 
 

a The recombinant vaccines MVA�4-HIV, MVA�5-HIV, and MVA-HIV commonly
express the HIV subtype C env and gag genes from MVA vector backbones that differ
from one another with regard to the presence (
) or absence via deletion (�) of the
indicated MVA immune-regulatory genes, encoding a secreted IL-18 binding protein
(MVA008L), a Toll/IL-1 receptor homolog (MVA159R), a CC-chemokine binding
protein (MVA153L), and a secreted IL-1� receptor (MVA184R), and a DNA replication
gene (MVA101R) encoding uracil-DNA glycosylase. HIV C-env (GenBank accession
number JX236708) and C-gag (GenBank accession number JX236707) are synthetic
genes, codon optimized for maximal rev-independent expression in human cells, that
are devoid of early vaccinia virus transcription termination signals (5=-TTTTTNT-3=)
and are expressed from independent early (modified H5) viral promoters from the
MVA deletion III locus. The HIV genes express antigenic subtype C consensus Gag (492
amino acids) and Env (647 amino acids) antigens. HIV C-Env harbors a V1/V2 deletion
(aa 138 to 195 with respect to HXB2) and a deletion of the C-terminal 151 amino acids
of gp41 (corresponding to a truncation at Y712 with respect to HXB2). All recombinant
MVA vectors were derived from an original stock of plaque-purified MVA-1974 (MVA-
1974 clone 1 P572 LVDP6 7/22/02), which was kindly provided by B. Moss (NIH).
Additional details regarding the genomic boundaries of MVA gene deletions and
flanking regions are provided in Table S1 in the supplemental material.

Immunologically Enhanced MVA-Based HIV Vaccines

December 2012 Volume 86 Number 23 jvi.asm.org 12607

http://jvi.asm.org


this time point, MVA�4-HIV and MVA�5-HIV elicited signifi-
cantly higher frequencies of total HIV-specific CD4 T cell re-
sponses than did the control vector MVA-HIV (range of 0.003 to
0.20 and GM of 0.027 for MVA�4-HIV, range of 0 to 0.076 and
GM of 0.012 for MVA�5-HIV, and range of 0 to 0.013 and GM of
0.005 for MVA-HIV) (Fig. 1). Group GM frequencies of total
HIV-specific CD4 T cell responses elicited by the MVA�4-HIV
and MVA�5-HIV vectors were 6- and 3-fold higher than that
exhibited by the control vector MVA-HIV. In general, the fre-
quencies of HIV-specific CD8 T cells that were elicited by MVA
vectors were, on average, 9- to 15-fold higher than the corre-
sponding frequencies of HIV-specific CD4 T cells.

At 1 week following homologous booster immunization (week
10), macaques in the MVA�4-HIV and MVA�5-HIV cohorts ex-
hibited significantly higher frequencies of HIV-specific CD4 T
cells than did those boosted with MVA-HIV (range of 0.01 to 0.10
and GM of 0.027 for MVA�4-HIV, range of 0.001 to 0.12 and GM
of 0.022 for MVA�5-HIV, and range of 0 to 0.03 and GM of 0.006
for MVA-HIV). The frequencies of total HIV-specific CD8 re-
sponses at week 10 in macaques immunized with MVA�4-HIV or
MVA�5-HIV also exhibited higher trends than MVA-HIV, with
group GM frequencies 5- and 3-fold higher, respectively, but these
values were not significant at a �95% level (Fig. 1). Thus, homolo-
gous prime-boost immunization with modified MVA vaccine vec-
tors harboring 4- and 5-gene deletions demonstrated the augmented
generation of primary HIV-specific CD8 and CD4 T cell responses as
well as enhanced HIV-specific CD4 T cell responses following
booster immunization compared to the control MVA vector.

Recombinant MVA vectors elicit HIV Env-biased CD8 and
CD4 T cell responses. We sought to determine whether the anti-
genic specificity of HIV-specific T cell responses elicited by mod-

ified MVA vaccine vectors differed substantially from those elic-
ited by the control vaccine derived from the parental MVA
backbone. Toward this end, we analyzed the frequencies of HIV-
specific T cell responses, determined via intracellular cytokine
staining (ICS) assays of PBMCs from macaques immunized with
high-dose MVA�4-HIV, MVA�5-HIV, or MVA-HIV, and strat-
ified these responses according to both the vaccine vector and
peptide pool (Env-1, Env-2, or Gag) used for the stimulation of
PBMCs (Fig. 2). Within both the CD8 and CD4 T cell compart-
ments, Env-specific responses predominated among the HIV-spe-
cific responses elicited by all vaccines, including both modified and
control vectors, at all postimmunization time points (Fig. 2). Thus,
the magnitudes of the CD8 T cell responses elicited by both modified
and control vaccines were similarly skewed in favor of HIV Env rather
than Gag.

Dose-response effects on T cell responses in rhesus ma-
caques. The immunization of macaques with MVA vectors at a
high dose (1 � 108 PFU) tended to elicit relatively higher GM
frequencies of HIV-specific CD8 and CD4 T cells than did low-
dose (1 � 107 PFU) immunization (Fig. 3). In particular, high-
dose immunization with MVA�4-HIV elicited significantly
higher frequencies of HIV-specific CD8 and CD4 T cells, at mul-
tiple time points, than did low-dose immunization (Fig. 3). In
addition, significant increases in the frequencies of HIV-specific
CD8 T cells that were elicited by MVA�4-HIV and MVA�5-HIV,
compared to those elicited by MVA-HIV, were observed following
low-dose immunization (see Fig. S1 in the supplemental mate-
rial). Generally, the differences between the frequencies of HIV-
specific T cells that were elicited following high- and low-dose
immunizations with modified vaccines tended to be greater than
those exhibited by high- versus low-dose immunization with the

FIG 1 Modified MVA vectors elicit enhanced HIV-specific T cell responses in immunized macaques. Frequencies of total (Gag plus Env) HIV-specific CD8 (top)
and CD4 (bottom) T cell responses were determined by IFN-� ICS assays of PBMCs from rhesus macaques at the indicated times. Symbols represent individual
macaques. Arrows indicate immunizations with 2 � 108 PFU of the MVA�4-HIV, MVA�5-HIV, or MVA-HIV vector at weeks 0 and 9. Horizontal lines denote
group geometric means. Statistical comparisons of groups were performed via a Kruskal-Wallis test. Note the different ordinate scales.
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control vaccine. These results suggest that there may be a thresh-
old dose (between 1 � 107 and 2 � 108 PFU) for the intramuscular
administration of recombinant MVA vaccines, above which the
modified vaccines’ phenotype of T cell enhancement is fully pen-
etrant.

Modified MVA vectors elicit enhanced antibody responses in
immunized macaques. Plasma samples from macaques immu-
nized with MVA�4-HIV, MVA�5-HIV, or MVA-HIV were as-
sayed to determine the magnitude and quality of the Env-specific
antibody responses that were elicited following immunization.
Titers of HIV Env-specific binding antibodies were determined by
gp120 ELISAs, utilizing recombinant gp120 that was matched to
the vectored envelope as the coating antigen. Envelope (gp120)
ELISA titers are shown for macaques immunized with both high
(2 � 108 PFU) and low (1 � 107 PFU) doses of MVA�4-HIV,
MVA�5-HIV, and MVA-HIV (Fig. 4). Levels of gp120-specific
antibodies were detected beginning 2 weeks following the primary
high-dose immunization and were significantly higher (2-fold) in
macaques immunized with MVA�4-HIV than in those immu-
nized MVA-HIV (Fig. 4A). An effective boosting of gp120 anti-
body titers was observed for all vectors following secondary
immunizations at both high and low doses. A comparison of
gp120-specific ELISA titers between immunization groups 1 week
following booster immunization (week 10) revealed dramatically
higher antibody titers in macaques that received MVA�4-HIV or
MVA�5-HIV than in those that received MVA-HIV, with group
GM titers showing 24-fold (MVA�4-HIV versus MVA-HIV, high
dose) and 13-fold (MVA�5-HIV versus MVA-HIV, high dose)
increases. In all high-dose groups, a significant reduction in bind-
ing titers occurred by week 15, consistent with a rapid contraction
of Env-specific plasma cells during this 5-week period. Neverthe-

less, the antibody titers in the modified vector group continued to
remain higher than those in the control vector group at this time
point. Low-dose immunizations exhibited 3-fold (MVA�4) and
8-fold (MVA�5) increases over the control MVA vector at week
10 (Fig. 4A). Indeed, at week 10, low-dose immunization with
both �4 and �5 induced equivalent or higher levels of anti-Env
antibody than those elicited by the control at a high dose, provid-
ing evidence for a dose-sparing advantage for these modified vec-
tors, although again, these increases were lost at week 15 (Fig. 4A).

Because we observed such a significant increase in levels of
binding antibody at week 10, we also determined the capacity of
plasma from macaques immunized with MVA�4-HIV or MVA-
HIV to cross-neutralize a nonidentical HIV subtype C Env
(pCon-C gp160)-pseudotyped lentivirus reporter (Fig. 4B).
Plasma samples obtained prior to immunization (preimmune)
and at 1 week following booster immunization (week 10) from
macaques immunized with the high-dose MVA�4-HIV or MVA-
HIV vector were assayed ex vivo at a 1:20 dilution by an ex vivo
TZM-bl cell-based infectivity reduction assay (25). Additional as-
says in which the plasma samples were diluted from 1:20 to 1:500
yielded similar results (data not shown). For each macaque, a per-
cent neutralization value was calculated as the difference (preim-
mune minus week 10) in infectivities of the pseudotyped reporter
in the assay (Fig. 4B). These data show that neither the antibody
responses elicited by MVA�4-HIV nor those elicited by MVA-
HIV demonstrated a significant ex vivo cross-neutralization of
HIV subtype C Env-pseudotyped virions (Fig. 4B), and no corre-
lation was observed between gp120-specific ELISA titers and the
ex vivo neutralization activity of the consensus subtype C (Con-C)
envelope (see Fig. S2 in the supplemental material).

We also assessed the effects that the vector modifications had

FIG 2 Immunization of macaques with recombinant MVA vectors elicits insert-specific CD8 and CD4 T cell responses that are biased toward HIV Env.
Frequencies of CD8 (left) and CD4 (right) T cells stimulated by Env-1, Env-2, and Gag peptide pools were determined by IFN-� ICS assays of PBMCs from rhesus
macaques immunized with 2 � 108 PFU of the MVA�4-HIV, MVA�5-HIV, or MVA-HIV vector at weeks 0 and 9 (arrows). Symbols represent individual
macaques. Horizontal lines denote group geometric mean responses. Note the different ordinate scales between the CD8 and CD4 plots.
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on the generation of vector-specific antibody responses, since this
could be relevant for future poxvirus vaccines. Macaques immu-
nized with MVA�4-HIV exhibited modest enhancements (2- to
7-fold) in the titers of binding antibodies directed against both
MVA virion structural proteins (determined via MVA virion

ELISAs) and the nonstructural protein B5R (Fig. 5A and B). Sta-
tistically significant differences in these antibody titers elicited by
modified versus control vaccines were observed at multiple time
points following both primary and secondary immunizations
(Fig. 5A and B). Furthermore, the titers of vector-specific neutral-

FIG 3 Effects of vaccine doses on magnitudes of elicited HIV-specific T cell responses. Frequencies of total (Gag and Env) HIV-specific CD8 (left) and CD4
(right) T cell responses were determined by IFN-� ICS assays of PBMCs from rhesus macaques at the indicated times following high-dose (2 � 108 PFU) or
low-dose (1 � 107 PFU) immunization with the MVA�4-HIV, MVA�5-HIV, or MVA-HIV vector at weeks 0 and 9 (arrows). Horizontal lines denote group
geometric mean responses. Statistical comparisons of groups were performed via a Kruskal-Wallis test. High-dose data are reproduced from Fig. 1 to facilitate
comparisons. Note the different ordinate scales between the CD8 and CD4 plots.

FIG 4 Modified MVA vectors elicit enhanced titers of HIV Env-specific antibodies in immunized macaques. (A) Titers of antibodies against vaccine-encoded
gp120 were determined by ELISAs, at the indicated times, in macaques that were immunized with either the high-dose (2 � 108 PFU) or low-dose (1 � 107 PFU)
MVA�4-HIV, MVA�5-HIV, or MVA-HIV vector. Symbols represent individual macaques, horizontal lines denote geometric mean titers, arrows indicate
immunizations at weeks 0 and 9, and an asterisk denotes a P value of �0.05 (determined by a Kruskal-Wallis test). (B) Week 10 sera from macaques immunized
with high-dose MVA�4-HIV (red) or MVA-HIV (blue) were assayed at a 1:20 dilution for ex vivo neutralization activity against an HIV Con-C Env-pseudotyped
lentivirus reporter, as described in the supplemental material. Data are normalized to individual macaques’ preimmune values. Horizontal lines denote group
means. NS indicates “not significant.”
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izing antibodies elicited by MVA�4-HIV were similarly enhanced
(2-fold) compared to those elicited by the control MVA-HIV vec-
tor at numerous time points following immunization (Fig. 5C).
Interestingly, the titers of B5R-specific antibodies that were
elicited by the MVA�5-HIV vector, which harbors a udg dele-
tion that attenuates the expression of the B5R protein in in-
fected cells, more closely resembled those of the control MVA-
HIV vector and were significantly lower (2- to 3-fold) than
those elicited by MVA�4-HIV following secondary immuniza-
tion (Fig. 5B). Thus, the deletion of udg in MVA�5-HIV offset
the enhancement of vector-specific antibody titers that other-
wise resulted from immunization with a vector (MVA�4-HIV)
harboring deletions of immune-modulatory genes only.

DISCUSSION

The purpose of this study was to determine whether the targeted
deletion of viral genes from recombinant MVA-based HIV vac-
cines confers enhanced vaccine immunogenicity compared to that
conferred by a control vaccine derived from parental (unmodi-
fied) MVA in rhesus macaques. The experimental vaccines
(MVA�4-HIV and MVA�5-HIV) embody two different genetic
modifications to the MVA backbone, which are comprised of de-
letions of different combinations of MVA genes. MVA�4-HIV
harbors simultaneous deletions of four poxvirus immune-modu-

latory genes (MVA008L, MVA153L, MVA159R, and MVA184R),
which encode an IL-18 binding protein (75, 80), a CC-chemokine
binding protein (7, 62), a dominant negative Toll/IL-1 signaling
adapter, and a soluble IL-1� receptor (3, 76), respectively.
MVA�5-HIV harbors a deletion of the viral uracil-DNA glyco-
sylase gene (MVA101R) (30), which reduces late gene expression,
in addition to the deletions of the above-described four viral im-
mune-modulatory genes. Both modified vaccines and the nonde-
leted parental MVA vaccine express an identical set of synthetic,
codon-optimized HIV genes encoding antigenic consensus sub-
type C Env and Gag proteins under the control of early poxvirus
promoters (modified H5) from the MVA deletion III locus. In
summary, we observed that our modified vaccines elicited en-
hanced levels of both HIV-specific T cell and antibody (binding
and nonneutralizing) immune responses in rhesus macaques but
that these enhanced responses were transient in nature and not
durable.

The immunization of macaques with modified vaccines re-
sulted in the induction of higher levels of both HIV-specific T cell
and antibody responses following both primary and secondary
immunizations. With respect to primary T cell responses, modi-
fied vaccines induced levels of HIV-specific CD8 and CD4 T cells
that were, on average, up to 5- to 6-fold higher than those induced
by the control. Interestingly, the greatest differences between fre-
quencies of HIV-specific T cells elicited by modified and control
vaccines were observed acutely (2 weeks) following primary im-
munization. These results indicate that the modified vaccines are
better able to elicit primary antigen-specific CD8 and CD4 T cell
responses than the parental control and suggest that the modified
vaccines may have a relatively greater impact on the generation of
HIV-specific effector rather than memory T cells. Similarly, the
MVA�4-HIV and MVA�5-HIV vaccines elicited 4- to 5-fold-
higher frequencies of HIV-specific CD4 T cells than those elicited
by the control vaccine at 1 week following homologous booster
immunization. However, these augmented responses were tran-
sient in nature, as only trends toward higher-level CD4 responses
were observed 5 weeks later in macaques that had been boosted
with the modified vaccines.

Because of limited nonhuman primate resources, this study
was not designed to assess the relative contributions of the dele-
tions of individual MVA immune-modulatory genes on vaccine
immunogenicity. However, immunogenicity studies in mice of
MVA recombinants that harbor a single-gene deletion of
MVA184R (78) or MVA153L (18, 21) or a double deletion of these
two immune-modulatory genes (32) reported modest effects (2-
to 3-fold enhancement) of these gene deletions on the magnitudes
of the ensuing T cell responses. The relatively greater effects ob-
served here for our modified vaccines in nonhuman primates may
reflect positive contributions of additional gene deletions, species-
specific differences between rhesus macaques and mice, or a com-
bination of these factors with regard to the modified vaccines’
ability to induce a more favorable environment for antigen pre-
sentation and/or the expansion of antigen-specific T cells in vivo.

While the deletion of udg from recombinant MVA vaccines
was shown previously to effect modest enhancements of vaccine-
elicited T cell responses in rhesus macaques (30), its deletion in
combination with the deletion of four viral immune-modulatory
genes (MVA�5-HIV) was not observed to confer any obvious
additive enhancement of the magnitude of induced HIV-specific
T cell responses beyond that similarly observed for MVA�4-HIV.

FIG 5 MVA�4-HIV elicits high titers of vector-specific antibody responses in
immunized macaques. Titers of binding antibodies against MVA virions (A)
or a recombinant B5R protein (B) were determined by ELISAs, and titers of
neutralizing antibodies against MVA (C) were determined by the ex vivo neu-
tralization of an MVA-lacZ reporter virus, at the indicated times, in macaques
that were immunized with the high-dose (2 � 108 PFU) MVA�4-HIV,
MVA�5-HIV, or MVA-HIV vector. Symbols represent individual macaques,
horizontal lines denote geometric mean titers, and arrows indicate immuni-
zations at weeks 0 and 9. � denotes a P value of �0.05, and �� denotes a P value
of �0.005 (determined by a Kruskal-Wallis test). Nab, neutralizing antibody;
EC50, 50% effective concentration.
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In contrast, with regard to vector-specific antibody responses, the
deletion of udg in MVA�5-HIV offset the enhancement otherwise
conferred by the �4 modification alone. With regard to dose-
sparing effects, both modified vectors elicited peak titers of Env-
specific antibody responses following low-dose booster immuni-
zations that were comparable to those elicited by the control
vaccine at a high dose, whereas dose-sparing effects pertaining to
levels of HIV-specific T cell responses were less pronounced.

Finally, our analysis of vaccine-elicited T cell breadth, at the
level of peptide pools, clearly demonstrates a major bias in favor of
HIV Env, compared to Gag, for both CD8 and CD4 T cell re-
sponses. Moreover, this Env bias was similarly observed following
the immunization of macaques with both modified and control
vaccines. Analogous observations of Env immunodominance
within both CD8 and CD4 T cell populations were reported by a
number of studies of other poxvirus-based HIV vaccines, includ-
ing ones derived from MVA (58) and NYVAC (57, 58), in preclin-
ical macaque studies (57, 58) and a human clinical trial evaluation
(38). Because an increased breadth of HIV-specific T cell re-
sponses may be reasoned to potentially confer increased protec-
tion by HIV vaccines, it will be important, going forward, to better
understand how to broaden vaccine-elicited T cell responses be-
yond those directed primarily toward HIV envelope antigens.

The deletion of immune-modulatory genes from MVA vectors
engendered an enhanced ability to elicit antibody responses in
vivo, although compared to the control, the relative magnitude
and kinetics of these responses appear to be antigen specific.
The immunization of macaques with both MVA�4-HIV and
MVA�5-HIV induced HIV Env-specific antibody responses in
plasma that were transiently of a higher magnitude than those
elicited by the MVA-HIV control. Env-specific antibodies were
detected as early as 2 weeks following immunization with
MVA�4-HIV but not the control vaccine. More dramatically,
MVA�4-HIV and MVA�5-HIV elicited significantly higher (up
to 25-fold) titers of gp120 binding antibodies at 1 week following
homologous booster immunization, which were nonneutralizing
against an HIV Con-C-pseudotyped reporter vector, than the
control vector. However, these augmented antibody responses
were transient in nature, as similar titers of gp120 binding anti-
bodies were observed 5 weeks later for macaques immunized with
either the modified or control vaccines. In contrast, MVA�4-HIV
elicited 2- to 7-fold-higher titers of vector-specific antibodies
(both neutralizing and nonneutralizing) following booster immu-
nization, which remained persistently elevated through at least 6
weeks postboosting, suggesting that the �4 modification may be
relevant to the improvement of MVA as a smallpox virus vaccine
per se. As anticipated, MVA�5-HIV, which harbors a deletion of
udg in addition to deletions of the four immune-modulatory
genes deleted from MVA�4-HIV, induced titers of vector-specific
antibodies that were at best comparable to, but frequently lower
than, those elicited by the control vaccine. Thus, when combined
with the �4 modification, the deletion of udg specifically offset the
enhancement of vector-specific antibody responses that was oth-
erwise observed, presumably because the deletion of udg abro-
gates the expression of MVA late genes (30, 45), which encode
many virion structural proteins that are antibody targets (24).

It is striking that following homologous booster immuniza-
tion, with MVA�4-HIV or MVA�5-HIV in particular, the relative
peak titer and ensuing rate of the postpeak decline of Env-specific
antibody titers were higher than those of vector-specific antibody

responses. At present, the precise mechanism by which the mod-
ified vaccines elicit transiently enhanced Env-specific antibody ti-
ters is not known and could be due to direct effects of the immune-
modulatory gene deletions on responding Env-specific B cells or
to indirect effects on the development of Env-specific B cell re-
sponses that are mediated by the enhanced levels of Env-specific
CD4 T-helper cells that are elicited by the modified vectors. Re-
gardless, these kinetics are consistent with the preferential devel-
opment of short-lived, rather than long-lived, Env-specific anti-
body-secreting plasma cells following booster immunization (71,
87) and may imply that the modified vaccines magnify the expan-
sion of short-lived Env-specific plasma cells above that otherwise
achieved by the control vector.

Alternatively, the phenotype of relatively impermanent Env-
specific antibodies in plasma, which we observed here in the con-
text of immunization with recombinant MVA vaccines, may have
a component that is intrinsic to the HIV envelope antigen itself.
Previous analyses of HIV Env antibody responses that were elic-
ited following either the vaccination of humans with recombinant
gp120 (33) or the suppression of HIV viremia, via antiretroviral
treatment (ART), in chronically infected individuals (12) indi-
cated that HIV Env induces plasma antibody responses that are of
a selectively short duration compared to those of other conven-
tional T-dependent vaccine antigens (5). Additionally, it is possi-
ble that mechanisms governing immunological tolerance, which
have been hypothesized to select against Env-specific B cell re-
sponses that are cross-reactive with self-antigens (40), could also
contribute to Env-specific plasma antibody responses that are rel-
atively less durable than those elicited by other (non-cross-reac-
tive) antigens. Because an effective prophylactic HIV vaccine will
need to elicit high levels of protective antibodies that are durable,
prior to HIV exposure, in order to prevent HIV infection or to
circumvent the establishment of viral latency in CD4 T cells (36,
86), it is imperative to better understand the mechanisms that
govern the generation of serological memory, specifically as they
pertain to HIV envelope antigens. Thus, HIV Env may not be the
best indicator for assessing the benefits of specific MVA modifica-
tions toward enhancing the humoral immunogenicity (for non-
Env antigens) of such modified vaccines. Indeed, the more mod-
est, but significant, increases in the levels of antivector antibody
responses induced by the �4 vector were sustained throughout the
15-week period of the study. Future investigations that compare
the kinetics and quality of vaccine-elicited antibody responses di-
rected against HIV Env versus a model antigen(s) should be infor-
mative in this regard.

Finally, because the higher levels of HIV-specific cellular and
humoral responses that are engendered by our modified vaccines
were relatively transient, it is unlikely that these vaccines would be
able to mediate protection against infection which is significantly
more durable than that achievable with the control. However, our
results appear salient in light of the field’s renewed interest in
poxvirus-based HIV vaccines following the demonstration of
modest efficacy against HIV acquisition (31.2%; 95% confidence
interval [CI], 1.1 to 52.1%) by a canarypox virus (ALVAC-HIV)/
recombinant gp120 (AIDSVAX-B/E) vaccine in the RV144 trial
(68). The observation from the RV144 trial that, among vaccinees,
much higher response rates were observed for gp120 binding an-
tibodies (�98%) than for Gag-specific (8.3%) or Env-specific
(15.9%) T cells supports a potential role for nonneutralizing an-
tibodies in mediating protection against HIV infection. In addi-
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tion, analyses to identify correlates of risk in the RV144 trial have
shown a significant association between high V1/V2 IgG re-
sponses and lower rates of HIV infection (41; B. F. Haynes, pre-
sented at the AIDS Vaccine 2011 Meeting, Bangkok, Thailand, 12
to 15 September 2011). Results from a recent preclinical study in
rhesus macaques to assess protection against the acquisition of
neutralization-resistant simian immunodeficiency virus (SIV)
following repeated low-dose rectal exposure further emphasize
the importance of the inclusion of Env immunogens in HIV vac-
cines as well as the relevance of MVA-based vaccine vectors (8). As
such, our identification of combinations of genes that can be de-
leted from MVA vectors to positively affect these vaccines’ cellular
and humoral immunogenicity profiles in nonhuman primates
provides a platform for the further development of poxvirus-
based HIV vaccines.
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