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Rhesus macaques (Macaca mulatta) have played a valuable role in the development of human immunodeficiency
virus (HIV) vaccine candidates prior to human clinical trials. However, changes and/or improvements in immuno-
gen quality in the good manufacturing practice (GMP) process or changes in adjuvants, schedule, route, dose, or
readouts have compromised the direct comparison of T-cell responses between species. Here we report a compar-
ative study in which T-cell responses from humans and macaques to HIV type 1 antigens (Gag, Pol, Nef, and Env)
were induced by the same vaccine batches prepared under GMP and administered according to the same schedules
in the absence and presence of priming. Priming with DNA (humans and macaques) or alphavirus (macaques) and
boosting with NYVAC induced robust and broad antigen-specific responses, with highly similar Env-specific gamma
interferon (IFN-�) enzyme-linked immunospot assay responses in rhesus monkeys and human volunteers. Persis-
tent cytokine responses of antigen-specific CD4� and CD8� T cells of the central memory as well as the effector
memory phenotype, capable of simultaneously eliciting multiple cytokines (IFN-�, interleukin 2, and tumor necrosis
factor alpha), were induced. Responses were highly similar in humans and primates, confirming earlier data
indicating that priming is essential for inducing robust NYVAC-boosted IFN-� T-cell responses. While significant
similarities were observed in Env-specific responses in both species, differences were also observed with respect to
responses to other HIV antigens. Future studies with other vaccines using identical lots, immunization schedules,
and readouts will establish a broader data set of species similarities and differences with which increased confidence
in predicting human responses may be achieved.

With an estimated 7,000 people acquiring human immunode-
ficiency virus (HIV) per day, the development of an effective HIV
type 1 (HIV-1) vaccine remains a public health priority. With the
failure of the first efficacy trial of a cytotoxic T-lymphocyte-based
HIV-1 vaccine candidate (STEP trial) (7, 8, 22, 33), the field
suffered a significant setback. The vaccine candidate evaluated in
the STEP trial was based on sequential immunizations of atten-
uated adenovirus type 5 vectors (Ad5) expressing HIV-1 Gag,
Pol, and Nef, in the absence of a previously evaluated DNA
prime. The use of heterologous priming has been observed to
amplify insert-specific immune responses to overcome antivector
or possibly antiadenovirus immune responses (2, 6, 15, 24, 28, 29,
39). Interim analysis revealed that individuals with pre-existing

immunity to the Ad5 vector were more likely to acquire HIV
infection when they were immunized with this unprimed Ad5
candidate than the nonvaccinated contemporary controls. Fur-
thermore, this vaccine candidate did not appear to reduce virus
load in immunized individuals who became infected (7, 8, 21). In
previous preclinical studies with human Ad5 in naive rhesus ma-
caques, immunization with prime-boost combinations elicited a
reduction in viral load after pathogenic chimeric simian/human
immunodeficiency virus (SIV)-HIV (SHIV) challenge in a limited
number of animals (35). Apparently, this ability to control virus
load was more modest when a more stringent SIVmac239 chal-
lenge was used (6) and was more predominant in monkeys with
the major histocompatibility complex haplotype Mamu-A*01, a
class I molecule known to bind relatively conserved Gag epitopes
(6, 23).

A debate has ensued in the field as to whether the rhesus
macaque model should be considered a “gatekeeper” for
promising HIV vaccine candidates as they progress toward

* Corresponding author. Mailing address: University of Cambridge,
Madingley Road, Cambridge CB3 OES, United Kingdom. Phone: 44
1223 766250. Fax: 44 1223 337671. E-mail: jlh66@cam.ac.uk.

� Published ahead of print on 25 March 2009.

5881



human trials (27). Although many HIV vaccine concepts and
prototypes have been evaluated in rhesus macaques, significant
changes invariably occur when these vaccine candidates are
refined and prepared for use in human trials. These differences
have been considered minor in the past, but batch-to-batch
variations of immunogens, for instance, can be considerable.
Additionally, few studies have directly specifically examined
human and rhesus macaque T-cell responses to multiple vac-
cine-encoded HIV antigens and actually compared responses
using identical readouts, peptide pools, and immunization
schedules.

To address this question we utilized the same good manu-
facturing practice (GMP) clinical lots, immunization schedule,
dose, immunological readouts, and peptide pools used in
matched human clinical trials. The trials EV01 and EV02 uti-
lized EuroVacc immunogens based on HIV-1 clade C 97cn54
Gag, Pol, Nef, and Env inserted into the NYVAC pox vector
administered in the presence and absence of priming with
DNA (4, 12, 25). In contrast to adenovirus-based vectors, the
successful eradication of smallpox through vaccination has re-
sulted in a largely poxvirus-naive young human population, one
that provided the vast majority of volunteers for these studies.
In poxvirus-negative macaques, in addition to the presence or
absence of DNA priming, a third group was added to deter-
mine if different priming modalities (DNA versus Semliki For-
est virus [SFV]) impacted the immune responses observed
following poxvirus boosting.

MATERIALS AND METHODS

Study groups. Clinical trials were performed with low-risk counseled human
volunteers as recently reported (4, 25). Preclinical trials were performed in a
total of 30 mature outbred rhesus macaques (Macaca mulatta) divided into three
groups of 10 animals each with similar age and sex distributions. All were housed
under environmentally identical conditions at the Biomedical Primate Research
Center, Rijswijk, The Netherlands. The study protocols and experimental pro-
cedures were rigorously reviewed by ethical care and use committees and ap-
proved prior to the study. All procedures were performed in accordance with
Dutch law and international ethical and scientific standards and guidelines. In
contrast to human volunteers, all immunizations and sample collections from
macaques were performed under anesthesia.

GPN and Env immunogens. The construction of the immunogens is described
in detail elsewhere (12, 26). In brief, clade C/B� Gag-Pol-Nef (GPN) and Env
(gp120) codon-optimized sequences were designed by Geneart GmbH, based on
sequence information derived from a 97cn54 provirus clone (38). PCRScript-
based vectors were used to generate the DNA vaccine candidate plasmids com-
prising pORT1aGPN and pORT1agp120 and were produced in accordance with
GMP standards using Escherichia coli strain DH1 lac dapD (Cobra Therapeutics
Inc.). The genetic stability of both plasmids was evaluated in a DH1 lac dapD
host strain up to 39 cell generations and controlled by double-strand DNA
sequencing (Geneart GmbH, Regensburg, Germany). Upscaling and production
of clinical GMP-grade material were performed by Cobra Biomanufacturing Plc,
Keele, Staffordshire, United Kingdom. Therapeutics Inc. Sanofi Pasteur, Lyon,
France, generated the NYVAC vector expressing GPN and Env of clade C
HIV-1 97cn54 in a back-to-back orientation (11) under GMP conditions. Ex-
pression of the GPN polygene and the Env gene was checked by Western blot
analysis (data not shown). The infectious-virus concentration (107.7 50% cell
culture infective doses/ml) of the final product was determined by titration on
QT35 cells (continuous cell line derived from a chemically induced tumor in
quail).

pSFV4.2-HIVC-Env/syngp120 (clade C, 97cn54) and pSFV4.2-HIVC-Gag-
Pol-Nef (clade C, 97cn54) SFV vectors were constructed at the Karolinska
Institute, Stockholm, Sweden, according to the following methods. The sequence
encoding the HIV-1 clade C syngp120 was isolated from pCR-Script-syngp120
obtained from Geneart GmbH (Regensburg, Germany) as a NotI-ApaI fragment
and ligated into pSFV4.2 expression vector. For production of pSFV4.2-HIVC-
Gag-Pol-Nef, the sequence encoding GPN was isolated as a KpnI-XhoI fragment

from pScript-synGag-Pol-Nef, also provided by Geneart. The fragment was first
inserted into the pET43 transfer plasmid and thereafter excised as an XhoI-SmaI
fragment for insertion into the pSFV4.2 vector. For generation of recombinant
particles, RNAs from the two SFV recombinant plasmids were synthesized and
packaged into SFV particles using the two-helper RNA system described else-
where (37). The recombinant SFV particles were harvested and purified by
ultracentrifugation through a 20% sucrose cushion. Indirect immunofluores-
cence of infected BHK cells was performed to determine the titer of the recom-
binant virus stocks (19, 20). Antigen expression was verified in infected BHK-21
cells by metabolic labeling with [35S]methionine and further confirmed by im-
munoprecipitation as described previously (10). Immunoprecipitation and indi-
rect immunofluorescence assays for analysis of GPN were performed with mono-
clonal antibodies (MAbs) against p24 (EVA repository reagent MAb HIV-1
p55/p24 ARP313 [EH12E1]). For the analysis of expression of syngp120, poly-
clonal antibodies against envelope clade C (kindly supplied by M. Esteban,
Centro Nacional de Biotecnologia, Consejo Superior de Investigaciones Cientí-
ficas, Madrid, Spain) were used.

Immunization schedule. In accordance to the human clinical trial schedules (4,
25), at weeks 0 and 4, groups of 10 animals each were primed with either DNA
or SFV. A third group of 10 animals did not receive any priming. At weeks 20 and
24, all animals were immunized (“boosted”) with NYVAC. The DNA pORT-
gp120 and pORT-GPN plasmids were mixed prior to administration in an
equimolar fashion (final total DNA concentration, 1.05 mg/ml). Each animal
received 2 ml DNA intramuscularly (i.m.) in each upper leg (4.2 mg/4 ml total
per monkey). Similarly, for the alphavirus-primed group, two constructs,
pSFV4.2-HIVC-Env/syngp120 and pSFV4.2-HIVC-Gag-Pol-Nef SFV, were
mixed prior to administration to give a final concentration of 109 PFU/ml of each
construct. This mixture (500 �l) was administered i.m. in the left upper arm (5 �
108 PFU of each construct). The NYVAC vector expressing Gag-Pol-Nef and
Env was later administered i.m. in the left upper arm (107.7 PFU/ml total).

ELISA. Antibodies to HIV-1 Env (gp140 97cn54) in serum were measured by
enzyme-linked immunosorbent assay (ELISA). Plates were coated overnight
with Env in 100 mM NaHCO3 and were blocked for 1 h with 1% nonfat milk
before application of serum, serially diluted in 1% bovine serum albumin-con-
taining phosphate-buffered saline buffer. After 1 h incubation, 1 �g/ml anti-
human immunoglobulin G–horseradish peroxidase conjugate was added for 1 h
before the addition of ultra-tetramethylbenzidine ELISA development reagent.
The reaction was stopped by addition of 0.5 M H2SO4. Results were expressed
as immunoglobulin G endpoint dilution titers.

Enumeration of peptide-specific T-cell responses. Quantification of antigen-
specific cytokine-secreting cells in macaques was performed by gamma interferon
(IFN-�), interleukin 2 (IL-2), and IL-4 enzyme-linked immunospot (ELISpot)
assays on freshly isolated peripheral blood mononuclear cells (PBMC), accord-
ing to the manufacturer’s instructions (U-Cytech, Utrecht, The Netherlands).
The positive control was staphylococcal endotoxin B (1 �g/ml), and the negative
control was medium alone. Details of human assays are reported elsewhere (12).
For both human and macaque assays, antigen-specific responses were measured
against 5-�g/ml peptide pools: 15-mers with an 11-amino-acid overlap spanning
the entire GPN polygene and the Env clade C of HIV-1 97cn54 (Synpep Cor-
poration, Dublin, CA). Eight peptide pools were made as follows: Gag1 60
peptides (Cg1-Cg240), Gag2 61 peptides (Cg244-Cg486), Pol1 60 peptides
(Cgp485-Cp721), Pol2 61 peptides (Cp725-Cpn817, Cnp1017-Cp1161), Pol3 61
peptides (Cp1165-Cp1403), Nef 49 peptides (Cn838-Cnp1030), Env1 49 peptides
(CN9-CN249), and Env2 63 peptides (CN253-CN485). Results are expressed as
the mean number of spot-forming cells (SFC) per 106 PBMC from triplicate
assays minus background values (mean number of SFC plus two standard devi-
ations [SD] of triplicate assays with medium alone). Mean numbers of spots for
each animal or individual per antigen are reported (responses to two Gag pools,
three Pol pools, and two Env pools were combined).

Intracellular cytokine analysis. The phenotypes of responding T cells were
analyzed by intracellular cytokine staining and fluorescence-activated cell sorting
(FACS) analysis as described elsewhere (3), with minor modifications. PBMC
were incubated for 2 h at 37°C and 5% CO2 in the presence of the costimulatory
molecules CD28 and CD49d (2 �g/ml each), with medium alone (negative
control), with 1 �g/ml staphylococcal endotoxin B (positive control), or with 5
�g/ml of the eight peptide pools used in the ELISpot assay as described above.
To inhibit cytokine secretion, Golgi Plug (Becton Dickinson) was added to a final
dilution of 1:1,000 from the stock, and cells were further incubated overnight at
37°C and 5% CO2. After stimulation, cells were stained with directly conjugated
antibodies (Becton Dickinson, Pharmingen, CA) for cell surface markers to CD3
(clone SP34, allophycocyanin labeled), CD4 (L200, peridinin-chlorophyll-protein
complex labeled), and CD8 (SK1, allophycocyanin 7 labeled). Memory pheno-
typing was possible by staining with antibodies to CCR7 (150503, fluorescein
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isothiocyanate labeled; R&D Systems) and CD45RA (5H9, custom biotin la-
beled by Becton-Dickinson, followed by streptavidin Pacific Orange; Molecular
Probes). The cells were fixed and permeabilized with Cytofix/Cytoperm buffer
(Becton Dickinson) and stained intracellularly with IFN-� (B27, Alexa-700 la-
beled), IL-2 (MQ1-17H12, phycoerythrin labeled), and tumor necrosis factor
alpha (TNF-�) (MAb 11, phycoerythrin-cyanin 7 labeled) in Perm/wash solution
(Becton Dickinson). A total of 300,000 to 800,000 events were acquired on a
FACS Aria (Becton Dickinson, CA) and analyzed using FACS Diva software.

Data were analyzed by comparing proportions using a one-tailed z test, to test
if the antigen-specific response was higher than the negative control response
(response with medium alone). The value for � was set at 0.05. When the
antigen-specific response was significantly higher than the background, the per-
centage of cytokine producing CD4� or CD8� T cells was calculated. The range
of cytokine secretion for unstimulated cells or background responses in unvac-
cinated animals (data not shown) was 0 to 0.05%. In human volunteers, back-
ground responses never exceeded 0.02%. The reported values of cytokine-pro-
ducing cells of each functional subset have had the background subtracted.

Statistical analysis. Statistical analysis between immunization groups or be-
tween rhesus and human data was performed by the Wilcoxon rank sum test or
the Mann-Whitney test. A P value of �0.05 was considered significant.

RESULTS

Safety and tolerability. All animals remained healthy follow-
ing immunizations and gained weight similarly to nonstudy
peers. None of the immunizations induced measurable adverse
effects, confirming data from humans indicating that the vac-
cine immunogens are well tolerated (4, 25).

Comparison of macaque and human vaccine-induced HIV-
specific IFN-� ELISpot assay responses. Details of the clinical
trial have been published separately (4, 12, 25). Vaccine-induced
HIV-specific IFN-� responses in macaques were highly similar to
responses measured in human volunteers (Fig. 1). In the absence
of DNA priming, responses were low and infrequent in both
species (Fig. 1, insets). However, when DNA priming preceded
NYVAC immunizations, responses increased dramatically (Fig.
1). In both species, dominant responses were directed to Env,
with the same relative magnitude and kinetics. In contrast to the
response in humans, the IFN-� response to Pol in macaques had
a significantly higher peak and was more persistent (P � 0.045
[week 24 human versus week 24 rhesus] and P � 0.037 [week 72
human versus week 82 rhesus]). Again, IFN-� responses to Gag
and Nef were similar (low) in both species, with the occasional
individual exception in some macaques in which a Gag response
was observed (week 24).

Influence of priming on NYVAC-boosted HIV-specific im-
mune responses. As the vaccine vector strategy used was de-
veloped to induce T-cell responses, it was not surprising that
low antibody titers were observed (data not shown). The pre-
clinical macaque study was expanded by an additional group to
determine if priming with alphavirus particles (SFV) differed
from DNA priming, in terms of the cumulative immune re-

FIG. 1. Direct comparison of vaccine-induced antigen-specific IFN-� ELISpot assay responses in rhesus monkeys and human volunteers. IFN-�
secretion by PBMC of individual DNA/NYVAC-immunized animals (n � 10) and human volunteers (n � 20) to HIV-1 clade C Env (two peptide
pools), Gag (two peptide pools), Pol (three peptide pools), and Nef (one peptide pool) overlapping peptides was measured by ELISpot assay.
Immunizations were given at weeks 0 and 4 (DNA; gray arrows) and weeks 20 and 24 (NYVAC; black arrows). Box-whisker plots show the
interquartile ranges and medians (horizontal lines) of the groups at each time point. The last time point is week 82 for rhesus monkeys and week
72 for humans. Background responses (mean number of SFC plus 2 SD of triplicate assays with medium alone) were subtracted. Statistically
significant differences (P � 0.05; Wilcoxon’s rank sum test) between humans and rhesus monkeys are indicated by stars. (Insets) Antigen-specific
IFN-� responses of rhesus monkeys (first bars) and human volunteers (second bars) that were not primed with DNA but only immunized at week
20 and 24 (black arrows) with NYVAC expressing HIV-1 clade C Env, Gag, Pol, and Nef. The last time point is week 40 for rhesus monkeys and
week 48 for humans. Values on the y axes range from 0 to 1,000 SFC/106 PBMC.
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sponse following boosting. Intramuscular administration of ei-
ther DNA or SFV alone induced low antigen-specific T-cell
responses. DNA priming did induce low Env-specific IL-2 re-
sponses (50 to 150 SFC/106 PBMC) that were not detected
after SFV priming (P � 0.0043) (Fig. 2, week 20).

In the absence of priming, IFN-�, IL-2, and IL-4 peptide-

specific responses were either extremely low or negligible (Fig.
2). When groups were primed by either DNA or alphavirus,
boosting by NYVAC dramatically increased the magnitude of
clade C HIV-specific cytokine responses (more than 1,000
IFN-� SFC/106 PBMC) (Fig. 2) and increased the frequency of
responders (up to 100%). Importantly, priming facilitated the

FIG. 2. Vaccine-induced antigen-specific T-cell responses in time. IFN-�, IL-2, and IL-4 secretion by PBMC of individual animals (dots) to
HIV-1 clade C Env (two peptide pools), Gag (two peptide pools), Pol (three peptide pools), and Nef (one peptide pool) overlapping peptides was
measured by ELISpot assay. Immunizations were given at weeks 0 and 4 (DNA or SFV priming) and weeks 20 and 24 (NYVAC boosting).
Box-whisker plots show the interquartile ranges and medians (horizontal lines) of the groups at each time point. Background responses (mean
number of SFC plus 2 SD of triplicate assays with medium alone) were subtracted. Responses of animals that were not primed (monitored from
weeks 20 to 40), primed with DNA, or primed with SFV are presented in one graph for direct comparison. Statistically significant differences (P �
0.05; Wilcoxon’s rank sum test) between the two priming groups are indicated by stars. (DNA priming 	 SFV priming) and diamonds (SFV
priming 	 DNA priming).

5884 MOOIJ ET AL. J. VIROL.



diversity of the HIV-specific cytokine (IFN-�, IL-2, and IL-4)
responses, which were all markedly increased. Antigen-specific
cytokine responses were very similar between DNA- and SFV-
primed groups, with only subtle differences in ELISpot assay
responses. All DNA-primed animals demonstrated antigen-
specific IFN-�, IL-2, and IL-4 responses at least at one time
point, while the percentages of antigen-specific IL-2 and IL-4
responders in the SFV-primed animals were lower (75% and
62.5%, respectively). With respect to antigen (Env, Gag, Pol,
or Nef)-specific responses, animals that received the DNA
prime-NYVAC boost combination developed generally higher
Env-specific cytokine responses than SFV-primed animals
(Fig. 2). Interestingly, in contrast, alphavirus-primed animals
developed higher Gag- and Nef-specific IFN-� peak responses
as observed at week 26 (P � 0.045 and P � 0.007) (Fig. 2). The
antigen-specific IL-2 responses were low but persistent after
the poxvirus boosts (Fig. 2, middle), and although they were
highly comparable following DNA and SFV priming, they had
a tendency to be more robust in the DNA-primed group.
Again, responses to the Nef insert were poorest. Very inter-
estingly, IL-4 responses showed a strong peak after the first
NYVAC boost; however, these declined rapidly, indepen-
dently of the type of priming (Fig. 2, right).

Functional and phenotypic profile of vaccine-induced pep-
tide-specific cytokine-producing T cells elicited by different
priming strategies in macaques. The preclinical macaque study
was performed to determine the best priming agent to take for-
ward for further clinical evaluation. To determine if the responses
observed by ELISpot assay were mediated by either CD4� or
CD8� T cells, multiparameter FACS analysis was performed.
The HIV-specific peptide-stimulated cytokine responses in CD4�

and CD8� T-cell populations from five animals of each group
were analyzed at week 26 (peak response) and week 82 (memory)
for intracellular production of IFN-�, IL-2, and/or TNF-� (Fig.
3). Interestingly, data revealed that vaccine-induced T-cell re-
sponses were mediated by both CD4� and CD8� T cells and were
multifunctional (producing more than one cytokine simulta-
neously), persistent, and directed to all of the four vaccine-en-
coded HIV antigens (Fig. 4).

When antigen specificity at each time point was examined,
subtle differences were found between primed groups. DNA-
primed animals showed an Env-dominated (P � 0.01) peak
response (week 26) that elicited higher responses than SFV-
primed animals (P � 0.04), consistent with ELISpot assay data.
The Env response was mediated by only CD4� T cells in three
of five animals and by both CD4� and CD8� T cells in two of
five animals (data not shown). These results were very consis-
tent with the Env response in human volunteers; 50% of the
human responders to NYVAC boosting possessed CD4�-T-
cell-mediated responses (12). In NYVAC-boosted macaques,
Env-specific T cells showed a polyfunctional profile, with 65%
of CD4� and CD8� T cells exhibiting two or three functions.
Interestingly, it was by this multiparameter analysis that dif-
ferences were observed, not only in terms of HIV antigen
specificity but also in the nature of the population of antigen-
specific T cells. SFV-primed animals responded relatively
more strongly to Pol and Nef antigens, and this response was
mediated by both CD4� and CD8� T-cell populations in this
group. Similarly, the CD4� T-cell-mediated Pol- and Nef-spe-
cific responses were significantly higher than those elicited by

DNA priming in macaques (P � 0.046). Additionally, two out
of five SFV-primed animals possessed a strong Gag-specific
cytokine response mediated by CD8� T cells. Although the
Gag-specific CD8� T-cell response in DNA-primed animals
tended to be lower, the difference did not reach statistical
significance. The percentage of antigen-specific T cells with a
polyfunctional profile was lower at week 82 than at week 26
(Fig. 4). However, it must be pointed out that the Env-domi-
nated response shifted toward a different antigen (Pol) over
time, which was mediated by more single-cytokine-producing cells
than the Env-specific response. As we measured responses only in
circulation, we cannot rule out the possibility that different mem-
ory kinetics may exist in secondary lymphoid tissues.

Comparison of macaque and human functional profiles and
memory phenotypes of vaccine-induced Env-specific CD4�

and CD8� T cells. Given the general similarity with respect to
the magnitude of the ELISpot assay responses in DNA- and
SFV-primed groups and difficulties with clinical-scale produc-
tion of SFV, the human trial was carried out with (and without)
DNA priming only.

Cytokine profiles of Env-specific CD4� and CD8� T cells in
DNA-primed rhesus monkeys (Fig. 4) were highly similar to
the functional profiles of Env-specific human T cells (Fig. 5)
(12). Direct comparison and detailed analysis showed differ-
ences between some T-cell populations, revealing a statistically
significantly higher percentage of IFN-�- and IL-2-producing
CD4� T cells in rhesus macaques, while humans showed more
IL-2- and TNF-�-producing CD4� T cells. Furthermore, TNF-
�-producing CD4� and IL-2-producing CD8� T cells were
detected only in humans, not in rhesus macaques. However,
the relative proportions of CD4� and CD8� T cells producing
either one, two, or three cytokines simultaneously were the
same for rhesus macaques and human volunteers (Fig. 5).

CD45RA and CCR7 define functionally distinct populations
of memory T cells (31, 32). The memory phenotype was mea-
sured in T cells of 10 animals (5 of each primed group). Since
rhesus CD4� T cells have much lower expression of the
CD45RA molecule on their surfaces than CD8� T cells or
human T cells, it was difficult to detect antigen-specific cyto-
kine-producing CD4� CD45RA� T cells in this study. How-
ever, at the peak (week 26) of the T-cell response, we were able
to detect Env-specific cytokine (triple [IFN-�, IL-2, TNF-�],
dual, and single)-producing CD4� T cells that were predomi-
nantly CCR7
 (data not shown), indicating that the cells were
of either the effector memory (EM; CCR7
 CD45RA
) or the
effector (EFF; CCR7
 CD45RA�) phenotype, consistent with
the human response to Env (12). Similarly, the responses to
other antigens (Gag, Pol, and Nef) were also mediated by
CCR7
 (EM or EFF) CD4� T cells in animals from both
primed (DNA and SFV) groups.

The Env-specific cytokine-producing rhesus monkey CD8�

T-cell population possessed mainly an EM (CD45RA


CCR7
) and EFF (CD45RA� CCR7
) phenotype (Fig. 6).
This phenotypic profile did not change over time (data not
shown), while the Env-specific human CD8� T cells shifted
from the EM phenotype to the EFF phenotype (12). Also, the
CD8� T cells specific for other antigens (Gag, Pol, or Nef) in
rhesus macaques from either group (DNA or SFV primed)
were of the EM and EFF phenotypes and remained unchanged
in time (data not shown).
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DISCUSSION

Differences between preclinical immunogen batches, routes,
doses, and vaccine schedules are variables that are often over-
looked as confounding factors when vaccine-specific responses in
macaques and humans are being compared. This issue has re-
cently been recognized as one for which there is a lack of data and

knowledge in the HIV vaccine development field (9, 27). Here we
provide such data in the context of clade C HIV-1 immunogens
administered by DNA priming and NYVAC boosting using iden-
tical vaccine lots and protocols in both species.

The direct comparison of vaccine induced IFN-� responses
in rhesus and humans clearly confirmed that priming is essen-

FIG. 3. Vaccine-induced antigen-specific intracellular cytokine production as measured by FACS analysis at week 82. Flow cytometry profiles
of Gag- and Pol-specific CD4� (left) and CD8� (right) T cells able to secrete IFN-�, IL-2, and TNF-� of a representative DNA-primed animal
(A) and an SFV-primed animal (B) are shown.
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tial and has an important impact on the quantity and quality as
well as the persistence of insert-specific immune responses.
Both humans and rhesus macaques showed a relative predom-
inant response to Env, with similar magnitude and kinetics.
The reason for the relative predominance of Env over the
other three HIV antigens encoded by these vectors is most
likely related to the level of antigen expression at the cellular
level. When the immunogenicity of these vaccine vectors was
evaluated in HLA-A2 class I transgenic mice, a similar Env-
dominated response was observed (11).

While immune responses in humans and macaques were
similar in terms of Env-, Gag-, and Nef-specific IFN-� ELISpot
assay results, it should also be noted where the two primate
species differed. Macaques generated significantly higher Pol-
specific IFN-� responses. This discrepancy may possibly be
explained by differences in antigen processing, such as presen-
tation or epitope binding by certain human major histocom-
patibility complex and rhesus Mamu molecules. The presence
of different endogenous retroviruses in rhesus monkeys (for
instance, foamy virus) might possibly explain the higher Pol-
specific responses in this species.

The polyfunctional profiles of Env-specific T-cell popula-
tions in rhesus monkeys showed strong similarities with those
in immunized human volunteers (12), having the same propor-
tions of CD4� and CD8� T cells producing either three, two,

or one cytokine simultaneously. However, rhesus macaques
showed more IFN-�- and IL-2-producing CD4� T cells, while
humans had more IL-2- and TNF-�-producing CD4� T cells.
Furthermore, TNF-�-producing CD4� and IL-2-producing
CD8� T cells were detected only in humans, not in rhesus
macaques. Some differences in the memory phenotype of
CD8� T cells were also observed between species. The Env-
specific human CD8� T cells shifted from the EM phenotype
to the EFF phenotype over time (12), while in rhesus ma-
caques the antigen-specific CD8� T cells of the EM and EFF
phenotypes remained unchanged.

It can only be speculated that these subtle differences are
related to actual species differences. In some instances, differ-
ences may possibly be attributable to differences in avidity or
specificity of the MAbs used to detect human and rhesus ma-
caque cytokines. Alternatively, there may be different levels of
expression of surface molecules on rhesus macaque and human
T cells. Vaccine doses in both species were the same, but
responses could have been different if the doses had been
adjusted per kilogram of body weight.

Vaccine-induced polyfunctional responses in both CD4�

and CD8� T-cell subsets in the rhesus macaques suggests the
potential to recruit robust CD8� cytotoxic T lymphocytes,
which may then facilitate the clearance of HIV-infected cells
(13, 16, 17, 34, 36). The presence of polyfunctional phenotypes

FIG. 4. Functional profiles of vaccine-induced antigen-specific CD4� and CD8� T cells. The results shown are from five animals of each group
(DNA/NYVAC-C and SFV/NYVAC-C) at week 26 and week 82. Responses are grouped on the basis of the number of functions (producing one,
two, or three cytokines simultaneously). All the possible combinations of cytokine responses are shown on the x axis. The responses to vaccine
antigens (Env, Gag, Pol, and Nef) are color coded. Bars correspond to the mean number of different functionally distinct antigen-specific CD4�

or CD8� T cells per group. Background responses have been subtracted.
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has been shown to be beneficial and to correlate with a long-
term-nonprogressor status in rhesus macaques (1, 30) and hu-
mans (5, 18, 40). In the current setting with the existing GMP
HIV-1 immunogens, it was not possible to show protection
against SIV or SHIV challenge without the corresponding
SIV inserts. Subsequent challenge studies of the same DNA-

NYVAC strategy matched to SHIV inserts (with matching
HIV-1 Envs) have provided evidence of vaccine efficacy (26).

The ability to directly compare macaque to human immune
responses in studies with identical immunogens, doses, and
schedules will provide us with a more complete comparative
immunology database with which to improve our understand-
ing of the similarities but also the differences between these
species. Therefore, the direct extrapolation of rhesus data to
humans should be made with due consideration. This under-
standing may facilitate more confidence in the use of these
valuable models in the iterative process of assembling a strong
clinical trial pipeline of HIV vaccine candidates (14, 27).
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