
Vaccination of Macaques with DNA Followed by Adenoviral
Vectors Encoding Simian Immunodeficiency Virus (SIV) Gag
Alone Delays Infection by Repeated Mucosal Challenge with
SIV

Neil Almond,a Neil Berry,a Richard Stebbings,b* Mark Preston,c Claire Ham,a Mark Page,d Debbie Ferguson,a Nicola Rose,d

Bo Li,b Edward T. Mee,d Mark Hassall,d Christiane Stahl-Hennig,e Takis Athanasopoulos,f* Timos Papagatsias,g*
Shanthi Herath,g* Adel Benlahrech,g* George Dickson,f Andrea Meiser,g* Steven Pattersong

aDivision of Infectious Disease Diagnostics, National Institute for Biological Standards and Controls, Potters Bar, Hertfordshire, United Kingdom
bBiotherapeutics Group, National Institute for Biological Standards and Controls, Potters Bar, Hertfordshire, United Kingdom
cAnalytical Sciences Group, National Institute for Biological Standards and Controls, Potters Bar, Hertfordshire, United Kingdom
dDivision of Virology, National Institute for Biological Standards and Controls, Potters Bar, Hertfordshire, United Kingdom
eGerman Primate Centre, Gottingen, Germany
fSchool of Biological Sciences, Royal Holloway, University of London, Surrey, United Kingdom
gCentre for Immunology and Vaccinology, Imperial College London, London, United Kingdom

ABSTRACT Vaccines aimed at inducing T cell responses to protect against human
immunodeficiency virus (HIV) infection have been under development for more than
15 years. Replication-defective adenovirus (rAd) vaccine vectors are at the forefront
of this work and have been tested extensively in the simian immunodeficiency virus
(SIV) challenge macaque model. Vaccination with rAd vectors coding for SIV Gag or
other nonenvelope proteins induces T cell responses that control virus load but dis-
appointingly is unsuccessful so far in preventing infection, and attention has turned
to inducing antibodies to the envelope. However, here we report that Mauritian cyn-
omolgus macaques (MCM), Macaca fascicularis, vaccinated with unmodified SIV gag
alone in a DNA prime followed by an rAd boost exhibit increased protection from
infection by repeated intrarectal challenge with low-dose SIVmac251. There was no
evidence of infection followed by eradication. A significant correlation was observed
between cytokine expression by CD4 T cells and delayed infection. Vaccination with
gag fused to the ubiquitin gene or fragmented, designed to increase CD8 magni-
tude and breadth, did not confer resistance to challenge or enhance immunity. On
infection, a significant reduction in peak virus load was observed in all vaccinated
animals, including those vaccinated with modified gag. These findings suggest that
a nonpersistent viral vector vaccine coding for internal virus proteins may be able to
protect against HIV type 1 (HIV-1) infection. The mechanisms are probably distinct
from those of antibody-mediated virus neutralization or cytotoxic CD8 cell killing of
virus-infected cells and may be mediated in part by CD4 T cells.

IMPORTANCE The simian immunodeficiency virus (SIV) macaque model represents
the best animal model for testing new human immunodeficiency virus type 1 (HIV-1)
vaccines. Previous studies employing replication-defective adenovirus (rAd) vectors
that transiently express SIV internal proteins induced T cell responses that controlled
virus load but did not protect against virus challenge. However, we show for the
first time that SIV gag delivered in a DNA prime followed by a boost with an rAd
vector confers resistance to SIV intrarectal challenge. Other partially successful SIV/
HIV-1 protective vaccines induce antibody to the envelope and neutralize the virus
or mediate antibody-dependent cytotoxicity. Induction of CD8 T cells which do not
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prevent initial infection but eradicate infected cells before infection becomes estab-
lished has also shown some success. In contrast, the vaccine described here medi-
ates resistance by a different mechanism from that described above, which may re-
flect CD4 T cell activity. This could indicate an alternative approach for HIV-1 vaccine
development.

KEYWORDS vaccine, SIV, gag, DNA vaccine, adenovirus vector, simian
immunodeficiency virus

Early studies of human immunodeficiency virus (HIV) infection provided good evi-
dence that virus-specific CD8 cells are associated with control of virus load in

infected individuals (1, 2), and consequently this focused attention on the development
of vaccines to stimulate T cell CD8 responses (3). The macaque simian immunodefi-
ciency virus (SIV) challenge model, initially involving intravenous challenge but now
largely replaced by repeated low-dose mucosal challenge (4, 5), has been widely used
for HIV vaccine development and testing. In this vaccine model, T cell control of virus
load has been achieved by vaccination with replication-defective adenovirus (rAd)
vectors and other nonpersistent virus vectors carrying genes for internal virus proteins;
however, animals have not been protected against infection (3, 5–7). Resistance to virus
challenge has been observed only when the vaccine included the envelope that
induces neutralizing antibodies (8–12). Despite this, the potential of vaccine-induced
CD8 cells to prevent the establishment of a persistent infection is highlighted by the
work of Picker’s group, where a simian cytomegalovirus vaccine vector expressing SIV
genes induced SIV-specific CD8 cells which protected 50% of vaccinated animals
(13–16). Unlike vaccines that induced neutralizing antibodies, this vaccine did not
prevent initial infection but eradicated the virus, likely by killing virus-infected cells
before chronic infection was established. Cytomegalovirus (CMV) causes lifelong infec-
tion that probably results in lifetime expression of vaccine genes, and this may, in
addition to unusual CD8 responses that recognize peptides associated with HLA-E
and major histocompatibility complex (MHC) class II, explain the success of the
vaccine. However, there are concerns about vaccinating with a vector that causes
lifelong infection and difficulty in inducing HLA-E and MHC class II CD8 T cell-
restricted responses in humans (17).

A problem with interpreting the results of vaccination experiments in small numbers
of outbred rhesus macaques is that data may be skewed by differences in the range of
MHC haplotypes present in different experimental groups. This difficulty can be alle-
viated by the use of Mauritian cynomolgus macaques (MCM), which are descended
from a small number of animals introduced into Mauritius over the last 500 years and
comprised of only seven main MHC haplotypes (18, 19). This has enabled us to design
experiments employing several different haplotypes which are represented equally in
different experimental groups. By applying this approach, we found evidence that
vaccination with vectors carrying the gag gene alone can delay infection from low-dose
mucosal SIV challenge and reduce peak virus load. Furthermore, the mechanism of
protection from infection may be distinct from that mediated by antibody or the CD8
T cell killing of virus-infected cells.

RESULTS

Three vaccines were tested, full-length SIVmac239 gag (group A), full-length SIV-
mac239 gag fused to the ubiquitin gene at the N terminus (group B), and 7 gag mini
gene fragments spanning the whole of the gag gene with each fused to the ubiquitin
gene at the N terminus (group C). These ubiquitin gene fusions were designed to
enhance the magnitude of the CD8 response by promoting targeting of antigens to the
proteasome and MHC class I processing pathway (20–22). The gene fragmentation
strategy aimed to increase the breadth of the response by reducing the number of gag
epitopes expressed by individual antigen-presenting cells (APC), thereby decreasing
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competition between different T cell clones (23–26). Vaccine delivery was by intrader-
mal (i.d.) injection in order to target a greater number of dendritic cells.

Vaccination with unmodified gag delays infection from intrarectal SIV chal-
lenge. Repeated intrarectal low-dose challenge with SIV resulted in 7 of 8 control
unvaccinated animals becoming infected after 4 weekly challenges, with the remaining
individual becoming infected in the 10-week challenge. In the animals vaccinated with
the full-length unmodified gag (group A), only 3 of 8 were infected after the 4th
challenge (Fig. 1A). Although all animals in this vaccinated group eventually became
infected, they showed resistance to virus challenge. However, animals vaccinated with
ubiquitin gene and mini gene gag constructs, groups B and C, designed to improve
immune responses, showed only marginally higher levels of resistance than the un-
vaccinated controls, which were not statistically significant. Since vaccines were deliv-
ered i.d., we wondered whether the observed protection was associated with the route
of vaccination. To test this hypothesis, unmodified full-length gag vaccine was deliv-
ered intramuscularly (i.m.) using the same vaccination regime (group D). Upon chal-
lenge of a new group of controls, 6 of 8 controls became infected by the third challenge
and all 8 were infected by the 10th challenge, whereas 3 of 8 vaccinated animals
remained uninfected after 10 challenges. By combining the outcomes of challenge with
the full-length gag vaccines by the i.d. and i.m. routes with the outcomes of the 16
challenge controls in these studies, significant protection was observed with this
vaccine (P � 0.0081 and P � 0.023, for i.d. and i.m. vaccinated animals, respectively).

Vaccination reduces virus load in acute infection. Early time (days 7 to 28) viral
RNA (vRNA) profiles for vaccine groups (A to C) and naive challenge controls following
infection are shown in Fig. 1B. Analyses of virus loads in individual animals up to week
22 are presented Fig. 1C. Virus loads in control and all vaccinated groups were not
statistically significantly different on day 7 postinfection, nor between male and female
vaccinated animals. In the unvaccinated control group, there was a marked increase in
virus load from a median of 5.6 � 103 SIV RNA copies/ml on day 7 to 1.2 � 106 SIV RNA
copies/ml on day 14, which was not mirrored by the vaccinated groups (Fig. 1B). All
vaccine groups had statistically significant lower levels of virus than the control group
on day 14 (A, P � 0.01; B and C, P � 0.05). At this time, the median virus loads were as
follows: group A, 3 � 103 SIV RNA copies/ml; group B, 2.9 � 104 SIV RNA copies/ml; and
group C, 2.5 � 104 SIV RNA copies/ml. At day 28, the virus load in the control group
(median, 4.2 � 104 SIV RNA copies/ml) remained higher than the levels in the vacci-
nated group A (median, 1.3 � 103 SIV RNA copies/ml), group B (median, 2.3 � 104 SIV
RNA copies/ml), and group C (median, 2.3 � 103 SIV RNA copies/ml). Thus, vaccination
with all gag constructs resulted in more effective control of the SIV virus load.
Nevertheless, vaccination with the modified gag constructs did not confer superior
control of virus load compared with individuals vaccinated with unmodified gag;
indeed, the converse was more apparent.

Vaccine-induced changes in gag coding sequences. As vaccination blunted the
rise in plasma virus load, we speculated that selective pressure was exerted on virus
gag. Thus, full-length gag sequences were recovered as a single amplicon by reverse
transcription PCR (RT-PCR) when the virus load was at or close to its peak and subjected
to Illumina-based sequencing. SIVmac251 database reference sequences were used
initially to align sequences recovered from the challenge virus stock. Consensus data
based on sequences recovered from the challenge virus (SIVmac251; CSH stock) were
aligned with the SIVmac251 reference (GenBank accession no. M19499), and the
frequencies of single-nucleotide polymorphisms (SNPs) present in unvaccinated control
macaques and vaccinated animals were assessed.

Figure 2A shows three separate analyses for naive-alone, vaccine-alone, or com-
bined naive and vaccine groups and compares (i) vRNA levels with cumulative SNP
percentages, (ii) vRNA levels with number of SNP loci identified, and (iii) cumulative
SNP percentages with the number of SNP loci. A weak relationship between viral
load and either cumulative SNP percentage or number of SNP loci is indicated
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(Fig. 2A), most likely reflecting the consistently high vRNA values obtained. How-
ever, a strong relationship between cumulative SNP percentage and the number of
SNP loci was apparent.

In the vaccine-alone group (Fig. 2A, middle panels), where there is a broader range
of vRNA values, a stronger correlation between plasma vRNA load and SNP percentage

FIG 1 gag vaccination delays infection from intrarectal challenge with low-dose SIV and reduces virus load. (A) Kaplan-Meier survival curves showing time to
infection, indicated as the number of weekly challenges, for vaccinated animals (red lines) and controls (black lines). Animals vaccinated i.d. with full-length
unmodified gag gene resisted infection (P � 0.0081, which remained significant after Bonferroni’s correction). Animals vaccinated i.d. with the full-length gag
gene fused at the N terminus to the ubiquitin (Ub) gene (P � 0.313) and animals vaccinated i.d. with 7 mini genes spanning the whole of gag with each gene
fused to the ubiquitin gene at the N terminus (P � 0.139) were not protected. Animals vaccinated i.m. with full-length unmodified gag gene resisted infection
(P � 0.023). The 16 controls used for these analyses combined the 8 naive controls challenged in parallel with vaccine groups A to C and a separate group of
8 naive controls challenged in parallel with the IM vaccinations (group D), which were performed subsequently to vaccinations A to C. Significance between
curves was determined by the Gehan-Breslow-Wilcoxon test. (B) gag vaccination suppresses peak plasma virus RNA load. Median and individual virus loads are
shown on days 7, 14, 21, and 28 for control and vaccinated animals and peaks at day 14 in controls. In all three vaccine groups, the virus load is significantly
lower at day 14. Animals were vaccinated i.d. with full-length unmodified gag gene (P � 0.01), full-length gag gene fused at the N terminus to the ubiquitin
gene (P � 0.05), and 7 mini genes spanning the whole of gag with each gene fused to the ubiquitin gene at the N terminus (P � 0.01). Results were analyzed
by the Kruskal-Wallis test with Dunn’s multiple comparison correction. *, P � 0.05; **, P � 0.01. (C) Virus load for each macaque over time infected. Individual
plasma viral RNA kinetics for vaccine groups A to C are compared to those of naive unvaccinated control animals. For each macaque, data are plotted from
the time of the first positive qRT-PCR and sequentially thereafter, showing the time course of infection kinetics for each animal, in most cases up to 20 weeks
postinfection.
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or number of SNP loci was identified. Hence, as viral load increases during the most
pronounced cases of vaccine breakthrough, the cumulative percentage of SNPs iden-
tified increases proportionately, indicating a direct relationship between virus load and
SNP generation.

Coding changes arising at or around peak viremia. Figure 2B, top panel, depicts
the frequency of SNPs at or around the peak of viremia. In control and vaccinated
macaques, SNPs at a frequency equal to or greater than 3% that are not present in the
challenge inoculum are typically not observed in the first vRNA detected in the infected
animal. Coding changes present at a frequency of 1% or greater that are not present
in the challenge inoculum are shown in Fig. 2B, lower panel. In the latter analysis, taking
an arbitrary cutoff of SNP frequencies of 10% or greater coding for predicted amino
acid changes, three key regions were identified. Interestingly, none of these were
located in the p24 capsid region, but rather in p17 (matrix) and p8 (nucleocapsid).
Figure 2C indicates specific motifs where repeated changes have been identified.
Outliers in group A and group B (H59 and H68, respectively) identify with unique
mutations.

FIG 2 Nucleotide and amino acid changes across gag (Gag) in infected vaccinated and control animals. (A) Relationships between SNP frequency and viral load
SNP loci across gag determined with a variant frequency greater than 1% were counted and summed across loci. These were plotted to the viral load of the
sample and to each other represented as (i) vRNA load against SNP frequency, (ii) viral load against SNP loci count, and (iii) SNP frequency versus loci count;
dotted lines indicate the position at which all loci were fixed at 100%. (B) Upper plot, SNP changes across gag. The frequency and position of SNPs not present
in the challenge inocula are shown. Samples are shown against their frequency above 3% for vaccine-treated (closed circles) and naive (open circles) animals.
Lower plot, positions of nonsynonymous changes and their frequency above 1% in treated vaccinated animals with an identifiable amino acid change. A
schematic of the regions of the gag polyprotein are shown. (C) Identified high-frequency mutations in p17 and p6 regions in gag-vaccinated animals are shown.
Three short regions corresponding to gag where samples have nonsynonymous changes at frequencies above 10% and not seen in the inocula are shown for
matrix p17 (amino acids 58 to 65 and 114 to 121) and in nucleocapsid p8 (amino acids 387 to 394).
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CD4 and CD8 T cell responses to vaccination. Cryopreserved peripheral blood
mononuclear cells (PBMCs) from vaccinated animals were stimulated with gag peptide
pools and analyzed by flow cytometry to detect production of gamma interferon
(IFN-�), tumor necrosis factor alpha (TNF-�), or interleukin 2 (IL-2). Cytokine-producing
cells were found to be mainly �4 integrin expressing (Fig. 3A, dimethyl sulfoxide
[DMSO] control; Fig. 3B, peptide stimulated), and a higher percentage of cytokine-
positive CD4 than CD8 T cells was observed. Across all vaccine groups, expression of
TNF-� and IL-2 tended to be higher than that of IFN-� in CD4 cells, whereas CD8 cells
expressed similar levels of TNF-� and IFN-� but lower numbers of cells expressed IL-2.
A fraction of the stimulated cells produced two or three cytokines, as shown by CD4 T
cells from a representative vaccine group A animal (H58) (Fig. 4A). Analysis of the
number of cells producing any of the three cytokines is shown prevaccination (day 0),
14 days after the third DNA vaccination (day 70), 7 days after the adenovirus vector
vaccine boost (day 147), and immediately prior to virus challenge (day 167) (Fig. 4B).
The CD4 cells in all three vaccination groups showed an increase in the number of
cytokine-producing cells after vaccination, which was significantly different from pre-
vaccination levels for at least one time point after the third DNA prime, with one group
showing significant cytokine production after the third DNA vaccination (group A at
day 147, P � 0.01; group B at day 167, P � 0.05; group C at day 70, P � 0.05; and group
C at day 147, P � 0.05). The measured CD8 responses were low, being barely above that
observed prior to vaccination, and did not reach statistical significance from prevacci-
nation levels for any group or time point. The modified gag vaccines did not induce an
observable improvement in the immune response for either CD4 or CD8 T cells (Fig. 4B).
Although the vaccine was not administered by a mucosal route, a high proportion of
the vaccine-specific CD4 T cells expressed the mucosal homing marker �4�7 integrin.
There was a trend for vaccine group A cytokine-producing CD4 T cells to show a higher
proportion, usually more than 50%, of �4�7 integrin-expressing cells. This proportion
was greater than that observed for vaccine groups B and C. In these groups, there was
a greater proportion of �4�7-negative cells (Fig. 4C). CD8 cells bearing �4�7 always
represented a minor population of antigen-specific cells for all vaccine groups (Fig. 3A
and B, lower panels with blue scatter points).

The relationships between peak total cytokine response and time to infection or
peak virus load were investigated for all vaccine groups (Fig. 5). A significant correlation
was found in vaccine group A, the only group exhibiting significant resistance against
virus challenge, between peak cytokine response and time to infection for CD4 T cells
(P � 0.0083, R2 � 0.7132) but not for CD8 T cells. No significant correlation was
observed between time to infection or peak virus load and cytokine production for CD4
T cells or CD8 T cells in vaccine group B or C.

DISCUSSION

Vaccination with gag delivered in a replication-defective adenovirus vector has
previously been shown to reduce virus load in SIV-challenged rhesus macaques but not
to protect against infection (3, 5, 27). Similarly, we found that all three of our test DNA
prime-adenovirus boost vaccines reduced the SIV virus load in comparison to that of
unvaccinated controls. However, in marked contrast with other adenovirus vector
vaccination studies with nonenvelope genes, we observed delayed infection after
repeated low-dose intrarectal challenge. In view of the resistance conferred by vaccine
A to challenge with a homologous virus, it would be interesting to investigate a more
demanding heterologous challenge. A previous study using a fowlpox/rAd combina-
tion to deliver gag, pol, and env genes reported a delay in acquisition despite neutral-
izing antibodies being low or absent (28). Surprisingly, protection was limited to the
unmodified gag constructs, despite the fact that all vaccine constructs suppressed the
virus load. In previous in vitro experiments, fusion of gag to the ubiquitin gene, either
full length or fragmented, was found to increase proteasomal targeting as expected
(23, 29), but in vivo, this did not correlate with improvement in the CD8 responses or
the ability to control the virus load, compared with animals vaccinated with the
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unmodified gag. Interestingly, a failure to enhance the CD8 response has also been
reported for fusion of ubiquitin to hepatitis C core protein (30). Improvement of T cell
responses by fusion to ubiquitin has been shown in vivo for other antigens (20), and in
an in vitro priming system fragmentation was observed to broaden the response (23).

FIG 3 Flow cytometry analysis from a representative immunized macaque. (A) Plot of PBMCs from a vaccine group A animal (H58) at
day 147 showing �4 integrin-positive CD4 and CD8 cells staining for TNF-�, IFN-�, or IL-2 after stimulation with the DMSO control.
(B) Flow cytometry plot of PBMCs from a vaccine group A animal (H58) at day 147 showing �4 integrin-positive CD4 and CD8 cells
staining for TNF-�, IFN-�, or IL-2 after stimulation with a p17 peptide pool.
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FIG 4 T cell cytokine analysis. (A) CD4 T cells producing 1, 2, or 3 cytokines shown by a representative vaccine group A animal (H58).
Means and standard errors (SE) are shown for results from triplicate samples. (B) The percentage of cytokine-producing CD4 and CD8 T

(Continued on next page)
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Whether fusion to ubiquitin enhances immunogenicity may depend on the protein to
which it is fused. In support of this hypothesis, we found that the ubiquitin gene fused
to gag but not the melanin A gene failed to enhance CD8 responses. We also observed
that human dendritic cells transfected with the ubiquitin gene-fused gag failed to
mature fully, compared with those transfected with unmodified gag, and in addition
were observed to produce more IL-10. These findings may explain the current obser-
vations (29).

One advantage of the Mauritian cynomolgus macaque model is the limited reper-
toire of MHC haplotypes which may impact the ability to control SIV infection; hence,
to mitigate any overt influence on outcomes, the haplotype frequency was relatively
evenly distributed among study groups. Next-generation sequence analysis of the gag
region of plasma virus recovered during acute infection suggested that some coding
sequence changes were associated with vaccine escape, identified predominantly in
p17 (matrix) and p6 (nucleocapsid) at different frequencies in viral variants not present
in the inoculum in breakthrough cases. Several coding changes were mapped imme-
diately upstream of the first zinc finger motif in the SIV NC, for example. Overall, an
increased plasma virus load was linked with an increased cumulative percentage of
SNPs, with a direct correlation between these two variables during the acute infection
period as breakthrough virus was identified. We found no direct correlation between
MHC haplotype and breakthrough frequencies, and interestingly the SNP calling rate

FIG 4 Legend (Continued)
cells (IFN-�, IL-2, or TNF-�) in vaccinated animals is shown for the three vaccine groups: animals vaccinated i.d. with the full-length
unmodified gag gene, those vaccinated with the full-length gag gene fused at the N terminus to the ubiquitin gene, and those vaccinated
with 7 mini genes spanning the whole of gag with each gene fused to the ubiquitin gene at the N terminus. *, P � 0.05; **, P � 0.01. Data
were analyzed by the Kruskal-Wallis test with Dunn’s multiple comparison correction. Immunological analyses were not performed in
animals from the i.m. vaccinated group D. (C) Percentage of cytokine-positive cells (median and interquartile range) that are �4�7 positive
(filled bars) or negative (open bars) for CD4 T cells for vaccine groups A, B, and C.

FIG 5 Correlation between peak cytokine response and time to infection/peak virus load. The highest percentage of CD4 and CD8 T cells secreting cytokine
following vaccination (peak cytokine production) is plotted against time in weeks to infection (red lines) and against peak virus load (blue lines) for vaccine
groups A, B, and C. For the CD4 response in vaccine group A, there is a significant correlation with time to infection after weekly challenges (P � 0.008, r2 �
0.7). There is no significant correlation of these parameters in vaccine groups B and C. There is no significant correlation between peak cytokine production
and time to infection for CD8 T cells from any vaccine group. Similarly, there is no significant correlation between peak cytokine production and peak virus
load for CD4 or CD8 cells from any vaccination group.
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was very low in p27 CA, with few novel variants identified across this region, where
MHC-restricted T cell epitopes have been identified (31). Perhaps more notable are
changes in the p17 matrix which map to at least one immunogenic region previously
identified to accumulate a high frequency of mutations during acute SIV infection in
MCM expressing an M3 haplotype (32). H68, with the highest acute virus load in group
B, accumulated mutations in both Q58R and V63A during the first 3 weeks of infection.
The significance of mutations in regions of zinc finger motifs that may lead to more
efficient gag processing (33) would reflect our observations but remain unconfirmed.
Moreover, if early CD8 T cell escape was a significant feature of vaccine breakthrough,
a higher frequency of SNP variants in p27 CA might have been anticipated if under
selective pressure during acute infection. The absence of immune pressure on p27
capsid but presence in other regions of gag suggest alternative mechanisms contrib-
uting to viral breakthrough, including CD4� T cell responses which may contribute to
viral control (29).

Unfortunately, the measured T cell responses in all the three vaccine groups were
lower than expected and could be detected only by intracellular staining and flow
cytometry using brefeldin A to prevent cytokine secretion. No significant responses
were detected by enzyme-linked immunosorbent spot (ELISPOT) assay (data not
shown), in which only a fraction of the secreted cytokine is detected and thus may be
less sensitive than flow cytometry. Our findings may reflect the use of cryopreserved
PBMCs, since a study reported after the completion of our vaccine challenge experi-
ments (34) found that freezing lymphocytes from SIV-vaccinated macaques significantly
reduced the breadth and magnitude of the immune response detected compared with
that of fresh cells.

Protection mediated by neutralizing anti-envelope antibody is considered to block
cellular entry, thus preventing initiation of productive infection. In contrast, the only SIV
T cell vaccine to date that confers protection from challenge, the CMV vector vaccine,
does not prevent initial infection but rather eradicates infected cells (13–15). In the
present study, there was no envelope in the vaccine, thus ruling out protection by
neutralizing antibody, and there was no evidence of infection followed by eradication,
suggesting that CD8 cells did not mediate protection. We speculate that resistance to
virus challenge may reflect production of T cell-derived CCR5-blocking chemokines
such as RANTES (35) and may result in protection from a broader spectrum of virus
strains. This idea is supported by findings from an intravaginal HIV vaccine study which
found increased secretion of CCR5 binding CC chemokines that correlated with re-
duced HIV infection in vitro (36). Alternatively, an increased antiviral state in CD4� cells
which reduced their capacity to initiate productive infection following intrarectal
challenge may have been established. It is relevant that in vaccine group A, the only
group in which there was delayed infection, there was a correlation between CD4
cytokine production and the number of SIV exposures required for infection. It is
important to understand why the ubiquitin-modified vaccines failed to protect against
challenge. Classically, MHC class II presentation is associated with exogenous antigen,
but there is evidence of significant presentation of peptides derived from cytoplasmic
antigen which may be mediated by autophagy (37). Thus, by modifying gag to target
the proteasome, we may have altered to some extent the supply of intracellular antigen
destined for presentation on MHC class II. This could explain the differences in
protection mediated by our different vaccines and support the hypothesis that pro-
tection is mediated by CD4 T cells. Also of note was that most of the antigen-specific
CD4 T cells in vaccine group A expressed the mucosa-homing receptors �4�7, whereas
in vaccine groups B and C, they represented less than 50% of the antigen-specific cells.
However, expression of �4�7 is associated with higher levels of CCR5 and increased
susceptibility to HIV-1 infection (28). Thus, analysis of CCR5 expression in future work is
of interest. Whether CD8 cells played a role in delaying infection through a noncytolytic
mechanism such as that previously described (38) cannot be fully ruled out. However,
we expect them to function in controlling virus load.

Delayed infection is unlikely to reflect an innate response induced by the adenovirus
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vector itself, since all vaccinated groups were vaccinated with rAd vectors. Intradermal
vaccination, which aimed to target a greater number of dendritic cells, also did not
appear to be a critical factor, since delayed infection was also observed in animals after
i.m. vaccination with full-length unmodified gag. Future studies analyzing cytokine
production after i.m. vaccination may prove informative.

One explanation for the different outcome from previous studies may reflect the
host species used. The current study was performed in the Mauritian cynomolgus
macaque model rather than in Indian rhesus macaques. A previous comparative study
of SIVmac251 infection and control of viremia in rhesus and cynomolgus macaques
identified an association between more effective control of viremia and a more
vigorous early IFN-� ELISPOT response, including to SIN Gag peptides (39). Moreover,
the virus stock used was initially prepared on rhesus PBMCs; hence, the possibility exists
that it may not be as well adapted for replication in MCM, which could account for
apparently enhanced protection from the gag-only vaccine in this species. However,
the SIVmac251 (CSH stock) challenge in naive MCM demonstrated a robust infection
kinetics profile with a high peak viremia and persisting steady-state kinetics, demon-
strating that this virus stock represents a robust challenge to evaluate and break down
(40) protection in this species. Furthermore, attempts to increase the pathogenicity
of SIV stocks by passage through cynomolgus macaques have had only a modest
effect (40). Nevertheless, in view of this concern and the resistance conferred by
vaccine A to challenge with this homologous virus, it would be interesting to
investigate a more demanding heterologous challenge to further tease out poten-
tial correlates of protection.

This is the first report that macaques vaccinated with a DNA prime-rAd booster
vaccination regimen carrying the gag gene alone can delay infection by mucosal
challenge of SIV. The underlying protective mechanism is probably distinct from
antibody-mediated virus neutralization or CD8 T cell killing of virus-infected cells and
may be mediated by CD4 T cells, but elucidation of the precise details requires further
study. However, it does keep open the possibility that vaccination with a nonpersistent
virus vector expressing gag may be an important component of a future protective
vaccine for HIV.

MATERIALS AND METHODS
Animals. Male juvenile MCM used in this study were housed and maintained in accordance with UK

Home Office guidelines for the care and maintenance of nonhuman primates. Vaccinated MCM were
MHC haplotyped (M1 to M8) using previously reported microsatellite DNA techniques to reduce allele
bias in the study design (41), and the haplotypes were evenly distributed across vaccine groups (Table
1). Males and females were also distributed evenly among vaccine groups. Blood samples were taken
before and during the vaccination period and frozen for subsequent analysis.

Vaccination. Three vaccines were tested in groups of 8 MCM, with each animal being vaccinated i.d.
or i.m. with 100-�g DNA primes at weeks 0, 4, and 8 and an rAd5 boost (6 � 1010 particles) at week 16.
Eight unvaccinated animals served as controls for each group challenged with the same virus stock. The
i.m. vaccination experiments were performed subsequent to the i.d. vaccinations and employed an
additional group of 8 control animals that were challenged in parallel. The vaccines were as follows:
full-length SIVmac239 gag, full-length SIVmac239 gag fused to the ubiquitin gene at the N terminus, and
7 gag mini gene fragments that were between 70 and 93 nucleotides in length spanning the whole of
the gag gene and overlapping, by 10 nucleotides, each fragment being fused to the ubiquitin gene at
the N terminus. The vaccines were given by i.d. injection to increase targeting of dendritic cells and in
a subsequent experiment by the i.m. route. The mini gene vaccinations were given at seven separate
sites.

Virus challenge. From week 23, the animals were challenged intrarectally with 150 50% tissue
culture infective doses (TCID50) of SIVmac251 at weekly intervals for up to 10 weeks or until they became
infected, as determined by virus in the plasma. The challenge virus represented an early passage of this
prototype propagated on primary rhesus monkey PBMCs. Details of this particular stock have been
previously described (42, 43).

Vaccine constructs. SIVmac251 gag sequences were cloned into a replication-deficient E1- and
E3-deleted adenovirus type 5 vector (Ad5). Recombinant Ad5 vectors were generated by insertion of
mRNA sequence-optimized Ub(G76V)-fused hemagglutinin (HA)-tagged SIV gag genes (GeneArt,
Germany) into Ad5 shuttle vectors (pShuttle2; Capital Biosciences, USA) and ligation with Ad5 vector
backbones, followed by large-scale production in packaging cell lines and virus purification (Vector
Biolabs, USA). For DNA vaccination, vaccine genes were cloned into pcDNA3.1 and bulk preparation was
outsourced (Aldevron, USA).

Macaque Vaccination for SIV and Virus Challenge Journal of Virology

November 2019 Volume 93 Issue 21 e00606-19 jvi.asm.org 11

https://jvi.asm.org


Plasma viral RNA quantification. Quantitative determinations of vRNA levels in plasma were made
using a previously described quantitative reverse transcription PCR (qRT-PCR) method targeting SIV gag
(44) using the RNA Ultrasense one-step RT-PCR kit (ThermoFisher Scientific) on an Mx3000P genetic
analyzer (Stratagene); quantitative data were calculated using Mx3000P software. The lower level of
detection of the qRT-PCR assay is 50 SIV RNA copies ml�1 plasma.

Deep sequencing of SIV gag. Total RNA isolated from plasma around peak viremia (between day
7 and 21) was assayed using the SuperScript III one-step RT-PCR system with Platinum Taq DNA
polymerase high fidelity (ThermoFisher Scientific). Full-length SIV gag was amplified as a single amplicon
using forward (CCTGAGTACGGCTGAGTGAA) and reverse (TGGACCTAACTCTATTCCTGTTACA) primers at
400 nM concentrations, with a thermoprofile of 55°C for 30 min, 94°C for 2 min, followed by 35 cycles
(94°C for 15 s, 60°C for 30 s, and 68°C for 2 min, with elongation at 68°C for 5 min). Amplicons verified by
agarose gel electrophoresis were quantified using Qubit double-stranded DNA (dsDNA) high-sensitivity
(HS) fluorimetry (ThermoFisher Scientific). Bar-coded libraries of amplicons were made using the Nextera
XT library preparation kit, with equimolar amounts of each sample sequenced in 250-bp paired-end
MiSeq V500 sequencing reactions (both Illumina). SIVmac251 RNA from two separate virus inoculum
aliquots were also extracted, and SIV gag was amplified in duplicate as for the samples isolated from the
experimental animals. Viral isolate and plasma-derived sequences described in this report are located in
the NCBI/GenBank database under Bioproject ID PRJNA528275.

Quality control and SNP calling. Sequencing reads were quality trimmed with Trimmomatic (45),
data aligned with BWA (46), and sorted with Picard, and deduplicating was performed with Picard and
Pileup with SAMtools; both paired and unpaired reads were included in the assembly, with paired-read
information used where available. Variant data were collated in Excel, and SNPs were filtered for strand
bias (�90%) and frequency (�1%), restricted to gag only (nucleotide positions 1041 to 2561, numbered
as for SIVmm251 [GenBank accession number M19499]). Mean coverage was 20,546 (SD � 7,883; range,
478 to 3,914).

Flow cytometry. Cryopreserved PBMCs were thawed in RPMI 1640 –15% fetal calf serum (FCS) and
stimulated by synthetic peptide pools covering p24 and p17 sequences (1 �g/ml/peptide, 15mers with
an 11-amino-acid overlap; supplied by the Centre for AIDS Reagents at the National Institute for
Biological Standards and Control, UK) with costimulatory antibodies CD28 (BioLegend, UK) at 1 �g/ml. In
the negative control, cells were incubated with 0.1% DMSO, and positive-control cells were incubated
with 1 �g/ml Staphyolococcus enterotoxin (SEB). A 10-�g/ml concentration of brefeldin A (Sigma, UK) was
used as a secretion inhibitor. After overnight incubation at 37°C, cells were labeled with the following
combinations of surface makers: anti-CD4 allophycocyanin-Cy7 (Biolegend, UK) and anti-CD8b phyco-
erythrin (PE) (BD Bioscience, UK), and anti-CD49d peridinin chlorophyll protein (PerCP)-Cy5.5 (Biolegend,
UK) and anti-integrin beta7 fluorescein isothiocyanate (FITC) (Biolegend, UK). Labeled cells were washed

TABLE 1 MHC haplotypes and sex distribution of animals in vaccine groups A, B, and C

Vaccine group and animal MHC haplotypea Sex

A
H58 1/1 M
H59 2/5 M
H60 3/5 M
H61 1/4 M
H62 1/1 F
H63 1/3 F
H64 1/3 F
H65 3/3 F

B
H66 1/1 M
H67 3/3 M
H68 3/5 M
H69 5/4 M
H70 1/1 F
H71 1/3 F
H72 1/3 F
H73 3/4 F

C
H74 1/1 M
H75 1/1 M
H76 1/3 M
H77 1/5 M
H78 1/3 F
H79 3/3 F
H80 1/4 F
H81 3/4 F

aHaplotypes 1 to 5 constitute experimental groups.
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with phosphate-buffered saline (PBS)-FCS (5%) with 0.1% sodium azide and then fixed for 20 min at room
temperature in Caltag fixation reagent A (Invitrogen, UK). The cells then were incubated with Caltag
fixation reagent B (Invitrogen, UK) and anti-TNF-� PE-Cy7 (Biolegend, UK), anti-IFN-� Pacific Blue
(Biolegend, UK), and anti-IL-2 allophycocyanin (Biolegend, UK) for 30 min at room temperature. Labeled
cells were fixed with 0.5% paraformaldehyde and analyzed using a BD FACSCanto II cytometer equipped
with three lasers capable of simultaneously measuring eight parameters. At least 100,000 lymphocyte
events were collected and analyzed using FACSDiva for subset analysis.

Statistical analysis. Survival after weekly low-dose intrarectal virus challenge was plotted as a
Kaplan-Meier survival curve, and significance between curves was determined by the Gehan-Breslow-
Wilcoxon test. For statistical analysis of survival, the data for the controls from the i.d. and i.m.
vaccinations, 16 animals, were combined. Grouped data are expressed as medians. Comparisons be-
tween groups were performed by the Kruskal-Wallis test, followed by Dunn’s multiple comparison
posttest. Statistical analyses were performed using GraphPad Prism 5 (GraphPad Software, La Jolla, CA,
USA).
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