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Generation and screening of a large collection of novel simian
Adenovirus allows the identification of vaccine vectors inducing
potent cellular immunity in humans:
A range of novel simian adenoviral vectors, which are capable of priming high levels of T
cell responses in man, has been defined
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4The Jenner Institute, Roosevelt Drive, Oxford OX3 7DQ, UK
5CEINGE, via Gaetano Salvatore 486, 80145, Naples, Italy

Abstract
Replication defective Adenovirus vectors based on the human serotype 5 (Ad5) have been shown
to induce protective immune responses against diverse pathogens and cancer in animal models and
to elicit robust and sustained cellular immunity in humans. However, most humans have anti-Ad5
neutralising antibodies that can impair the immunological potency of such vaccines. Here we
show that most other human Adenoviruses from rare serotypes are far less potent as vaccine
vectors than Ad5 in mice and non-human primates, casting doubt on their potential efficacy in
humans. To identify novel vaccine carriers suitable for vaccine delivery in humans we isolated and
sequenced over a thousand Adenovirus strains from chimpanzees (ChAd). Replication-defective
vectors were generated from different ChAd serotypes and were screened for neutralization by
human sera and for ability to grow in human cell lines already approved for clinical studies. Most
importantly, we devised a screening strategy to rank the ChAd vectors by immunological potency
in mice which predicts their immunogenicity in non-human primates and humans. The vectors
studied varied by up to a thousand-fold in potency for CD8 T cell induction in mice. Two of the
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most potent ChAd vectors were selected for clinical studies as carriers for Malaria and Hepatitis C
virus (HCV) genetic vaccines. These ChAd vectors were found to be safe and immunologically
potent in Phase I clinical trials thereby validating our screening approach. The ChAd vectors that
we have developed represent a large collection of non cross-reactive, potent vectors that can be
exploited for diverse vaccine strategies.

Introduction
Novel vaccines for the prevention or treatment of diseases such as HIV, HCV, malaria, TB
and cancers are a major unmet need. Pre-clinical and clinical evidence supports the role of T
cell immunity and in particular CD8+ T cells in the clearance of intracellular pathogens and
tumour cells (1). The most efficient way to induce a CD8+ T cell response against a given
antigen is to deliver the gene encoding for that antigen intracellularly, along with suitable
pathogen-derived innate activators, thereby recapitulating the physiological pathway of
antigen processing and MHC class I presentation. This concept has led to the development
of a large number of gene delivery approaches to elicit adaptive immunity, which are
collectively defined as gene-based vaccines or genetic vaccines.

Replication-defective Adenovirus 5 (Ad5) vectors have been extensively used for genetic
vaccine delivery because Ad5 infects replicating and non-replicating cells, has a broad tissue
tropism, propagates very efficiently in the available packaging cell lines and its production
process is scalable and affordable. Most importantly, head-to-head comparisons with other
genetic vaccine vectors (ie.: poxviruses, lentiviruses, alpha virus-based vectors and naked
DNA) in animal models and the results obtained in human clinical trials, clearly showed that
Ad5-based vectors represent the most potent currently available delivery system for eliciting
a CD8+ T cell response against the encoded antigen(s) (2-7). However, the majority of the
human population is exposed to Ad5 in first years of life and develops high titers of anti-
Ad5 neutralizing antibodies (nAb). These pre-existing Ad5 nAb impair the immunogenicity
of Ad5-based vaccines in animal models and in humans (3, 8-10) and may also potentially
compromise their safety (11). For these reasons, other human Adenovirus (Ad) vectors
based on rare serotypes such as Ad11, Ad24, Ad26, Ad34, Ad35, Ad48, Ad49, and Ad50
have been proposed as potential alternatives to Ad5 because they are rarely neutralised by
antibodies present in humans, and are currently being evaluated in a number of pre-clinical
and clinical studies (12-16). However, successful development of Ad vectors as genetic
vaccine carriers will eventually depend not only on the low frequency of nAb present in the
target population (seroprevalence), but also on their immunological potency as well as other
characteristics including good biological tractability and availability of cell substrates
approved by regulators for efficient manufacturing and scalable and reproducible production
processes. We find here that Ad vectors from rare human serotypes have lower
immunological potency than Ad5 in mice and non-human primates indicating that different
Ad strains are not equivalent with respect to the above properties.

Lacking a reliable way to predict the immunological potency of alternative Ad strains as
genetic vaccine carriers, we generated a large collection of replication defective vectors
based on Ad isolated from chimpanzees. This collection was screened for i) susceptibility to
neutralising antibodies present in humans, ii) ability to grow in human embryonic kidney
293 (HEK293) and PER.C6 cell lines, and iii) immunological potency in rodents and non-
human primates. The best ranking vectors were further developed and tested in human
clinical trials where they have shown excellent immunogenicity, thereby confirming the
predictive value of our screening approach.
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Results
Ad vectors from rare human serotypes are weak immunogens in rodents and non-human
primates

There are 52 human Ad serotypes that have been classified into six subgroups (A to F) based
on hemagglutination properties, oncogenicity in rodents, DNA homology, and genomic
organization (17). Ad clusters obtained by sequence homology in the hexon capsid protein
are consistent with this classification into species. To date, very limited comparative data on
the immunological potency of Ad vectors from different species or serotypes are available.
Therefore, we tested the immunological potency of human Ad vectors from different
serotypes in a head-to-head comparison with Ad5. We chose representative Ad serotypes
from species B (Ad34 and Ad35), C (Ad5 and Ad6) and D (Ad24), and constructed
replication defective (E1-deleted) Ad vectors encoding the HIV-1 gag gene (Ad-gag). Since
very high doses (on a per Kg basis) can be reached in mice we reasoned that a dose/response
analysis of the vectors’ immunogenicity would have a higher predictive value in view of
their potential use in humans. Therefore, we immunised groups of BALB/c mice (five/
group) intramuscularly with escalating doses of each Ad vector and determined the relative
immunological potency by establishing the minimal dose of vector capable of inducing a
HIV-1 gag-specific T-cell response in at least 2 out of 5 animals within the same
immunization group. T-cell responses were measured three weeks after the immunization by
ex-vivo IFNγ-ELISpot using an immune-dominant gag CD8+ T cell epitope.

All vectors were immunogenic at the highest tested dose: 1010 viral particles (vp) for Ad34,
Ad35 and Ad24, and 108 vp for Ad5 and Ad6, with similar levels of gag-specific IFNγ
secreting T lymphocytes in all groups (geometric mean values of 430, 549, 1790, 1241 and
718, respectively). However, while Ad5 and Ad6 were still immunogenic at lower doses
down to 106 vp, the other three vectors progressively lost the ability to induce a response by
decreasing the dose, with the minimal immunogenic dose being 1010 vp for Ad34, 109 vp
for Ad35 and 108 vp for Ad24 (Figure 1A). Thus, Ad5 and Ad6 showed a 10-100-fold
higher immunological potency than Ad24 and at least 1000-fold higher than Ad34 and Ad35
vectors. A parallel ranking among vectors deriving from different serotypes was observed by
measuring the anti-HIV 1 gag antibody titers by anti-P24 Elisa in mice three weeks post-
immunization. Animals immunized with Ad5-gag at the doses of 107 and 108 vp/mouse
elicited anti-P24 titers of 4500 and 20000, respectively while 100-fold higher doses of
Ad24-gag were necessary (109 and 1010 vp/mouse) to measure comparable anti-P24 titers of
4100 and 9300 in the serum of immunized animals (average values from groups of 5 mice,
data not shown).

We performed similar dose/response experiments in non-human primates by immunising
groups of three animals with 1010 and 108 vp of the Ad-gag vectors. Ad26 (another group D
serotype) was also included in this study. Four weeks after the intramuscular immunization,
T-cell responses were measured by ex-vivo IFNγ-ELISpot using a pool of overlapping
peptides (15-mer) representing the HIV-1 gag sequence. The results of this experiment
confirmed the ranking observed in mice, with Ad5 and Ad6 being the only vectors capable
of inducing a T-cell response at both tested doses, and Ad24, Ad34 and Ad35 showing a
lower immunogenicity also at 1010 vp (Figure 1B). Ad26 had an intermediate phenotype as
it did induce a cellular immunity comparable to that of Ad5 and Ad6 at the higher dose, but
it failed to elicit a response at the lower dose.

Isolation of Ad vectors from chimpanzees
Lacking a reliable predictor of in vivo immunogenicity, we decided to isolate a large number
of Adenovirus strains and to screen them for their immunological potency to identify
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candidates for vaccine vector development. To this end, we focused on chimpanzee
Adenoviruses (ChAd) for a number of reasons: i) previous experience in the isolation of
infectious agents from chimpanzees led to the identification of ChAd strains(18-21); ii) the
large biodiversity within the genus Pan would predict that there are several different ChAd
strains circulating in chimpanzees; iii) the evolutionary relatedness between humans and
chimpanzees should allow for functional complementation and growth of E1-deleted
replication-defective ChAd in the available packaging human cell lines (HEK293 and
PER.C6); iv) the available data on the few simian-derived Ad known indicate that these
viruses are rarely neutralised by human sera (22-24).

We collected more than one thousand stool specimens from common chimpanzees (Pan
troglodytes) and bonobos (Pan paniscus or pygmy chimpanzee) housed in animal facilities
and zoos in Europe and in the US, and were able to isolate Ads from about 50% of these
samples by infecting human A549 and HEK293 cells. To identify different strains, we
developed a rapid screening method based on amplification and sequencing of the
hypervariable regions of the capsid hexon protein. Sequencing of the hypervariable hexon
regions of about 500 isolates, allowed the classification of the different ChAd isolates
according to the existing B, C and E species of human Adenoviruses. Interestingly, most of
the isolates belonged to species C and E (46% and 45%, respectively), while species B
ChAd viruses were less frequently found (9 %) and no isolate could be classified as species
A, D or F. A complete sequence was obtained for selected members of each species and a
phylogenetic tree was obtained by hexon protein sequence alignment (Figure 2). A similar
high frequency of isolation of B, C and E Adenoviruses was previously reported from non-
human primates (25).

Replication-defective ChAd vectors grow efficiently in human packaging cell lines and do
not form replication competent virus

Twenty five ChAd isolates each one belonging to a different genotype were selected for
further analysis (1 from group B, 8 from group C and 16 from group E). We constructed
replication-defective (E1-deleted) vectors encoding HIV-1 gag (ChAd-gag) and secreted
alkaline phosphatase (ChAd-SEAP) and produced them in HEK293 and PER.C6 cells. The
growth efficiency of ChAd vectors was evaluated by qPCR of the viral genome from lysates
of infected HEK293 or PER.C6 cells. Although we found some variability among the
different isolates, the range of productivity of the ChAd (from 103 to over 105 vp/cell) was
comparable to that of the human Ad vectors (ie.: the productivity of Ad5-gag was 104 vp/
cell).

We tested two representative ChAd isolates, one from group C (ChAd3) and the second
from group E (ChAd63) for their ability to generate replication-competent adenovirus
(RCA) in HEK293 cells. After six cycles of amplification in HEK293 mimicking a large
scale production process, no plaques could be observed by infecting A549 cells with 3×1010

ChAd3 or ChAd63 of HEK293 derived virus, while human Ad5 grown in HEK293 scored
positive in this assay (data not shown), indicating that propagation of E1-deleted ChAd
vectors in HEK293 cells does not give rise to RCA.

ChAds are potent genetic vaccine carriers
ChAd-gag vectors from the twenty-five different isolates were screened for immunological
potency by dose/response in BALB/c mice (Supplementary Figure 1). Similarly to the
human Adenoviruses, ChAds displayed a wide range of immunogenicity. Also in this case
the group C vectors were the most potent while the group B vectors induced a T-cell
response only at very high doses (Figure 3A). The group E vectors can be divided in two
categories: those with high immunological potency such as ChAd63, ChAd83, ChAd6,
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ChAd9, ChAd10, ChAd43, ChAd55 and ChAd147, and those characterised by a lower
immunogenicity (ie. ChAd4, ChAd5, ChAd7, ChAd16, ChAd38, ChAd146, ChAd149 and
ChAd150). Some of the ChAd vectors were able to induce a T cell response at very low
doses (1-3×106 vp), thus ranking in the same category of the clinically validated human Ad5
and Ad6 (4).

Two of the most potent vectors, ChAd3-gag and PanAd3-gag, were tested in macaques at
1010 and 108 vp. Similarly to the human Ad5 and Ad6, the two ChAd vectors were
immunogenic at both tested doses confirming the ranking observed in mice, and indicating
that the high level of immunological potency of the ChAd vectors is not a species-specific
phenomenon (Figure 3B).

ChAd vectors readily induced very high levels of antigen-specific IFNγ+ CD8+ T cells both
in mice (range of peak responses: 1.44-7.86% of total CD8, Figure 4A) and in non-human
primates (range of peak responses: 0.08-1.72% of total CD8, Figure 4C). CD4+ T cells were
also induced in mice and in non-human primates, albeit at a lower level (range: 0.07-0.26%
and 0.1-0.39% of total CD4, respectively; Figure 4B and 4D). Importantly, the level of
IFNγ secreting anti-gag CD4+ and CD8+ T-lymphocytes induced by the PanAd3 vector in
non-human primates was comparable to that induced by the clinically validated human Ad6.

ChAds are rarely neutralised by human sera
The ChAd-SEAP vectors were used to measure the presence of nAbs against ChAds in the
humans (26). Human Ad5 and Ad6 were also included in this analysis. 193 sera from
healthy individuals belonging to different geographical areas in Europe and US were tested
for their ability to neutralise the infectivity of ChAd-SEAP vectors in HEK293 cells. It was
previously shown that anti-Ad nAb titers above 200 measured by this same neutralization
assay can dampen the immunogenicity of the vector in humans (11). The results of this
screening indicated that ChAds are much less frequently neutralised by antibodies present in
the tested human population than Ad5 and Ad6. Both Ad5 and Ad6 were neutralised by
human sera with a frequency of samples displaying titers over 200 of 50% and 20%,
respectively. In contrast, only half of the ChAd vectors were neutralised by some sera, and
even in these cases the frequency of positive samples was below 10% (Figure 5A).

We used Ad5 and ChAd vectors belonging to different species (subgroup C: ChAd3;
subgroup E: ChAd7 and ChAd63, subgroup B: ChAd30) to assess their in vivo cross-
neutralization potential.

Mice (N=5) were pre-immunized twice with high doses (1010 vp) of Ad5 or ChAd vectors
expressing EFGP, and developed titers of neutralizing antibodies against the injected virus
above 1000 in all animals. These mouse hyperimmune sera were not able to neutralize
heterologous Adenoviruses (data not shown). Pre-immunised mice were then injected with
109 vp of ChAd-gag vectors, and gag-specific T-cell responses were measured by IFNγ
ELISpot three weeks post-injection. Only pre-injection with the homologous virus prevented
the induction of a T-cell response by Ad5-gag or ChAd-gag vectors (Figure 5B). These
results confirmed that the sequence analysis of hypervariable regions in the hexon protein
can predict antibody cross-neutralization, and that the different ChAd genotypes that we
have identified represent individual serotypes.

ChAd3-gag induces a long lasting T and B cell memory responses in non-human primates
To verify the longevity of the T-cell response induced by ChAd vectors, we immunised a
group of macaques (N=3) with ChAd3-gag (1010 vp) and then rested the animals without
additional vaccinations. After more than five years (274 weeks), the animals were bled again
and their anti-gag T-cell response was measured by ex vivo IFNγ ELISpot. Potent cellular
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immunity was induced upon priming (group mean average of 1128 IFNγ SFC/million
PBMC) which then contracted, but lasted for several years as witnessed by good levels of
gag-specific IFNγ T-cells still present at week 274 (group mean average of 392 IFNγ SFC/
million PBMC; Figure 6A).

We then tested if the long-lasting T cell pool induced by ChAd3-gag could be expanded in
vivo upon re-encounter of the same antigen. Therefore, we boosted the ChAd3-gag primed
animals with 1010 vp of the heterologous PanAd3-gag vector at week 299 and measured the
gag-specific T-cell response two weeks later. All animals experienced a massive expansion
of gag-specific IFNγ secreting T-cells with a peak about three-fold higher than that
observed post-priming (mean of 2661 IFNγ SFC/million PBMC; Figure 6A). Both CD4+
and CD8+ T cells were detected post-boost, reaching a geometric mean value of gag-
specific IFNγ+ CD4+ and CD8+ cells of 0.19% and 4.08%, respectively (Figure 6B).
Antibodies to HIV-1 gag were still detectable at the time of boost (week 299) in two out of
three animals with titers of about 2000, and boosting with PanAd3-gag increased their levels
by more than ten-fold in all three animals already two weeks after boost, reaching titers of
about 20.000 (Figure 6C), indicating that ChAd3-gag is able to induce long-lived T- and B-
cell memory responses in non-human primates.

ChAd vaccine vectors are highly immunogenic in humans
Two of the most potent ChAd vectors, the group C ChAd3, and the group E ChAd63, were
selected for clinical development.

ChAd3 was chosen to deliver a genetic vaccine against hepatitis C virus (HCV). We
previously showed that a genetic T cell-based vaccine based on the Non Structural region
(NS) of HCV induces high level of T-cell responses in non-human primates and protects
chimpanzees from acute and chronic infection after challenge with a high dose of
heterologous HCV infectious inoculum (27-29). We generated a ChAd3 vector encoding for
this HCV antigen (ChAd3-NSmut) and tested its safety and immunogenicity in a Phase I
clinical trial in healthy volunteers. A similar vector based on the human Ad6 (Ad6-NSmut)
was also tested in the same trial. The trial and results are reported in detail elsewhere (30).
ChAd3-NSmut was highly immunogenic with group mean T-cell response as measured by
IFNγ ELISpot of 1863 SFC/million PBMC (Figure 7A) and 100% frequency of responders
at a dose of 2.5×1010 vp. Notably, the human vector Ad6-NSmut showed comparable
immunogenicity (mean of 2185 SFC/million PBMC and 100% response rate).

Intracellular staining assays showed that ChAd3-NSmut and Ad6-NSmut primed a large
number of IFNγ producing CD8+ T cells (range 0.025% to 4% HCV-specific/total CD8.
Antigen-specific CD4 producing IFNγ were also detected albeit at a lower level (range
0.01% to 0.28% HCV-specific/total CD4) which is consistent with the data obtained in mice
and non-human primates (Figure 7B).

The second vector, ChAd63, was used for the development of a genetic vaccine against
Plasmodium falciparum Malaria. For this candidate vaccine we generated a ChAd63
replication defective vector encoding the liver-stage TRAP antigen fused to a string of
Plasmodium falciparum CD4 and CD8 epitopes mapped in humans (ChAd63-METRAP).
This vector was shown to induce high level of T-cell responses in rodents and non-human
primates and to protect against mouse malaria (ref). The group E ChAd63-METRAP was
tested in human healthy volunteers (31, 32), showing potent T cell responses as detected by
IFNγ ELISpot with a mean response of 978 SFC/million PBMC at a dose of 5×1010 vp
(Figure 7A).
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Discussion
For reasons that are not clear, there are large differences in the ability to induce CD8+ T-
cells by diverse viral and non viral genetic vaccine carriers. This is particularly true in
humans where many different approaches have failed to induce CD8+ T cell immunity even
in the face of positive results obtained in pre-clinical animal studies.Ad vectors derived from
strains that have not circulated widely in humans (“rare serotypes”) are under investigation
as vaccine vectors, based on the expectation that they would be as potent as Ad5 while being
insensitive to neutralisation by anti-Ad5 antibodies.

To help predicting the immunological potency in humans of the different Ad vectors, we
screened them for their ability to stimulate an immune response over a wide range of doses
using the clinically validated human Ad5 as a benchmark. By dose/response comparative
studies in mice and non-human primates, we found that Ad vectors from the rare human
serotypes Ad24, Ad26, Ad34 and Ad35 are substantially less immunogenic (100-1000 fold)
than the clinically validated Ad5. Interestingly, Ad6 was comparable to Ad5 in these
experiments, a finding consistent with previous immunological data obtained in mice, non-
human primates and humans (4, 27), and an important validation of the dose/response
approach to establish the relative immunological potency of Ad vectors across species.

The association between low seroprevalence and weak immunological potency may not be a
mere coincidence, but rather reflect a reduced fitness of the virus in the human population
possibly leading to a reduced immunological potency. Thus, while potentially overcoming
the problem of the pre-existing immunity to Ad5, the use of Ad vectors from rare human
serotypes appears not to address other issues such as the immunological potency, thus
running a high risk of failure in humans, as suggested by recent Phase I clinical data with an
Ad35-based HIV candidate vaccine (33). Preliminary flow cytometry data from this trial
show rather low frequency of responders with 8% and 14% responding subjects over total
examined for CD8 and CD4, respectively.

Lacking a useful biomarker of Ad vector immunogenicity in vivo, our strategy to identify
alternative Ad vectors with all the features necessary for vaccine development was to
generate a large collection of such vectors and to screen them to find suitable candidates for
vaccine development. This ‘reverse vectorology’ approach required a “library” of different
Ads to be available for the screening. To generate such a library we decided to isolate novel
Ad strains from chimpanzees. This choice was based on the prediction that the substantial
genetic diversity between individuals of the Pan species would extend to their pathogens
(34) making it possible to isolate a large repertoire of different Ads. This turned out to be the
case as we isolated a large number of different Ads from chimpanzees and bonobos which
were classified into the same groups as human Ads based on the amino acid sequence of
their hexon proteins. Among these isolates we could identify at least twenty-five different
strains based on hexon homology and we confirmed that they represent individual serotypes
by in vitro cross-neutralization assays and in vivo interference studies.

Sequencing the whole genome of some of the ChAd isolates (ChAd3, ChAd6, ChAd9,
ChAd19, ChAd43, ChAd63, ChAd83, PanAd1, PanAd2, PanAd3) revealed that they are
strongly related to human Ads, showing a high degree of DNA homology with human Ads
belonging to the same species (80-95%) and similar genomic structure. The latter feature
was particularly relevant to map the ChAd E1 regions to be deleted for the generation of
replication incompetent vectors. We could not identify a feature in the Chimpanzee
adenovirus DNA sequence that would allow to distinguish between viruses of human or
chimpanzee origin.
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The ChAd collection was used as a source of vectors for functional screening to assess: i)
growth capability in HEK293 and PER.C6 cells, ii) immunological potency in mice and
non-human primates, iii) sensitivity to neutralizing antibodies present in humans.

Replication defective E1-deleted ChAd vectors were efficiently propagated in PER.C6 and
HEK293 cells, confirming the functional equivalence of human Ad5 and chimpanzee Ad
E1. Importantly, we did not observe the formation of RCA during propagation of ChAd in
HEK293, indicating that there is insufficient sequence homology between human and
chimpanzee Ads to allow for homologous recombination between the two genomes, and
opening the possibility to use HEK293 for large scale manufacturing of ChAds.

All ChAds revealed significant diversity in the hypervariable regions of the hexon protein
from the highly seroprevalent Ad5 and were not neutralized by anti-Ad5 antibodies in vitro
and in vivo. Consequently, they were all found to be very rarely neutralized by antibodies
present in humans, and for about half of them none of the tested sera displayed any
neutralizing activity. Conversely, most ChAds were very often neutralized by chimpanzee
sera (data not shown), further supporting the notion that serologically distinct strains of
Adenoviruses circulate in the two species and that Adenovirus infection across human and
chimpanzees is a very rare event.

Screening for immunological potency by dose/response in mice confirmed that there is a
high degree of heterogeneity between ChAds as already observed for human Ads.
Nevertheless, given the large number of screened candidates we were able to identify some
ChAds with immunological potency equivalent to Ad5 (ChAd3, ChAd63, ChAd83, PanAd1,
PanAd2 and PanAd3), and several others with a slightly lower immunogenicity within a
factor of five to ten-fold. Importantly, the high level of immunogenicity of the top ranking
ChAd3 and PanAd3 was confirmed in non-human primates, where they induced a level of
T-cell response comparable to that of Ad5 even at low dose (108 vp). Similarly, we recently
showed that another high scoring ChAd vector (ChAd63) encoding for the Malaria TRAP
antigen induced a very potent T-cell response in Rhesus macaques (35). Notably, the ability
of ChAds to induce strong cellular immunity is not an antigen-dependent phenomenon as we
could induce substantial T-cell response by immunising rodents and non human primates
with ChAd vectors encoding different antigens from infectious agents such as HIV, HCV,
Malaria, HSV2, Ebola, RSV and Influenza as well as cancer.

Despite their overall similarity in structure and genome organization, human and
chimpanzee Adenoviruses display a wide range of immunological potency when used as
replication defective vectors in vivo. We were unable to identify a mechanism for such a
large difference in the immunological potency between Adenovirus vectors. Nevertheless
we could establish a correlation between the efficiency of stimulating the adaptive immune
system and the phylogenetic classification into the different species according to the
homology of the hexon protein sequence. In fact, all tested group C viruses (both human and
chimpanzee) were very potent with a breakpoint of 107 vp or lower, while human or
chimpanzee group B Ad were immunogenic only when used at the dose of 109 vp or higher.
Human group D and some of the group E ChAd viruses were also rather weak carriers as
they were able to induce an immune response only at the dose of 108 vp. Within the group E
ChAd we could distinguish two clusters on the basis of their hexon sequence homology:
ChAd6, 9, 10, 43, 47, 63, 83 and 147 belonged to one family (E1) and all the others
clustered into a separate family (E2). Interestingly, most of the E1 viruses were potent
vectors, while members of the E2 family displayed lower immunogenicity.

One of the possible explanations for the different immunological potency displayed by
human and chimpanzee Ad strains could be their receptor usage and/or cell tropism (36).
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Indeed, the most potent group C and group E Adenoviruses use the CAR receptor to infect a
variety of different cell types, while Group B Adenoviruses (ie.: the human Ad11, Ad34 and
Ad35 and the chimpanzee ChAd30) recognise the CD46 surface protein and infect DC cells
more efficiently than group C isolates in vitro (37). This finding originally led to the
hypothesis that the latter viruses would be a more effective class of genetic vaccine carrier.
In contrast, we showed that they are the least potent among all human and chimpanzee
derived Ad vectors. To explain this apparent contradiction one might speculate that highly
efficient infection of professional antigen presenting cells by the group B Ad would lead to a
more rapid elimination of the vector thereby reducing the efficiency and longevity of
expression of the encoded antigen. This hypothesis is consistent with the low prevalence of
group B Adenoviruses in both humans and chimpanzees which may result from a more
efficient immunological clearance as compared to other Adenoviruses such as those from
the group C or E.

Predicting the immunological potency in humans is a key factor for vaccine vector
development. Final validation of our dose/response immunological screening in mice came
from the observation that two of the most potent ChAd vectors, ChAd3 and ChAd63,
induced T-cell immunity in 100% of immunised human volunteers with average peak
responses exceeding 1500 IFNγ SFC/106 PBMCs for ChAd3 and about 1000 IFNγ SFC/
106 PBMCs for ChAd63. These are by far the highest levels of T-cell responses ever
observed in humans with a single non-replicating genetic vaccine vector. Of note, the ChAd-
induced cellular response was characterised by extremely potent IFNγ+ CD8 T-cells in all
tested species from rodents to humans, with high values of over 1% antigen-specific IFNγ+
CD8 T-cells in ChAd3 vaccinated healthy humans.

The success of vaccine-induced T-cell immunity in clearing infected cells before the onset
of an acute disease or the establishment of a chronic infection is likely to depend on two
factors: i) the level of CD8+ T cell effectors that are present at the time of the infection and
can rapidly recognise and eliminate infected cells, and ii) the presence of a pool of memory
population of T cells that are capable of rapid re-expansion upon encountering of the
pathogen antigens. Our finding that non-human primates immunised with ChAd3 developed
HIV gag-specific IFNγ+ T-cells which persisted for more than five years as detected by ex-
vivo ELISpot indicates that ChAd have the potential to induce high frequencies of long
lasting antigen-specific T-cells with effector function. Furthermore, these long lived T-cell
pools also displayed the typical feature of a memory population as they underwent rapid
expansion in vivo upon boosting with a second non cross-reacting ChAd vector encoding the
same HIV gag antigen.

We could demonstrate that pre-immunization with high doses of a heterologous ChAd did
not affect the efficiency of immunization of a subsequently injected ChAd from a different
serotype. Thus, our collection of potent, non cross-reacting ChAd vectors can be exploited
for several vaccine applications following the strategy of ‘one vector-one disease’ to avoid
potential interference between different vaccines. Additional evidence in favour of this
strategy comes from experiments in non-human primates where we have successfully
immunised animals with ChAd3-gag or ChAd3-NSmut and subsequently with ChAd63
encoding the AMA-1 Malaria antigen without any detectable interference between the
different vaccine vectors. In addition, the availability of several different ChAd vectors
allows the design of a vaccination strategy based on heterologous prime-boost modality with
serologically distinct ChAd to maximize immunization strength.
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Materials and Methods
Chimpanzee Adenovirus Isolation and amplification

Stool specimens were collected in viral transport medium (VTM; Microtest M4-R Multi-
Microbe Transport Medium, Remel Inc.) then frozen or frozen directly at −70°C. The
specimens were kept frozen at < −70°C until they were processed for inoculation into cell
cultures. At that time, the specimens were thawed and then vortexed in excess of chilled
viral transport medium. After the specimens had dissociated into suspensions, they were
centrifuged for 10 min at 1500-1800 rpm. The supernatants were filtered through 0.8 and 0.2
mm syringe filters in series and then the filtered material was inoculated into cell cultures.
Each processed specimen was inoculated into tube cultures and shell vial cultures seeded
with HEK293 cells or A549 cells cultivated in DMEM, 10% fetal bovine serum (FBS), 1%
Pen-Strep. Cultures were visually monitored for cytopathic effect (CPE) for at least 21 days
after inoculation. Cell monolayers showing clear sign of CPE were detached and suspended
in the culture supernatant then stored at −70°C. Adenoviruses were cloned by infecting
HEK293 cells seeded in 96-well plates. The virus cloning was performed by limiting
dilution of the cell lysate obtained at the first passage of the virus amplification. 5 isolated
clones were picked up and serially propagated. After 2-3 serial passages on HEK293 cells, a
large-scale preparation of adenovirus was performed on cells planted on 1-2 two-layer cell-
factories (NUNC) (2×106 cells/cell factory). Purified viral particles were obtained from cell
lysate by two ultra-centrifugation steps on cesium chloride density gradients following a
standard procedure.

Classification of the isolates
An initial classification of the new isolates was obtained by sequence analysis of the
hypervariable region 7 (HVR7) of the hexon gene. To this end two set of primers were
designed on the highly conserved regions flanking HVR7:
TGTCCTACCARCTCTTGCTTGA and GTGGAARGGCACGTAGCG;
TGTCCTACCAGCTCTTGCTTGA and GTTCATGTAATCGTAGGTGTTG. These set of
primers pair annealed on all isolates we have obtained so far. In addition a pair of primers
was designed to amplify hexon hypervariable region 1-6, CAYGATGTGACCACCGACCG
and GTGTTYCTGTCYTGCAAGTC.

The HVR 7 and/or HVR 1-6 were amplified by PCR using purified viral DNA or crude
HEK293 lysate as template. The PCR reaction was performed following this protocol: 4 μL
of crude lysate or 100 ng of purified viral DNA in 45 μL of reaction mixture containing 2X
Master Mix (GoTaq Colorless Master Mix, Promega Corporation) and 10 pmol of each
primers. Then, 5 μL of the reaction mixture was analyzed on 1% agarose gel containing
ethidium bromide to detect the expected amplicon.

The PCR product was then purified to remove excess nucleotides and primers (using
Wizard® SV Gel and PCR Clean-Up System, Promega Corporation) and subjected to
sequencing reaction by using the same primers of the PCR reaction. Based on HVR7 and
HVR 1-6 sequence alignment we classified the new isolated viruses into the subgroups (B, C
and E) proposed for human Ad viruses (17).

Vector Construction
Genomic viral DNAs were cloned into a standard plasmid vectors by homologous
recombination in E.coli BJ5183 using a shuttle vector containing viral DNA sequences
derived from both left and right end of viral genome. As described more in detail in the
supplementary Materials and Methods, the high degree of sequence homology within each
species was exploited to clone the entire genome of different isolates using shuttle vectors
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specific for species B, C and E adenoviruses. The shuttle vectors were constructed by
cloning right and left genome ends plus pIX gene deleting at the same time the E1 region
that was substituted with the expression cassette. The shuttle was linearized by restriction
digestion between pIX and the right ITR and BJ5183 cells were co-transformed with the
purified virus genome. The homologous recombination between right ITR and pIX allowed
for the insertion of the chimp Ad genome in the shuttle plasmid with the deletion of the E1
region.

All different expression cassettes inserted in ChAd and PanAd vectors were based on
HCMV promoter and BGH pA. HIV-1 gag, HCV NS, plasmodium falciparum METRAP
and SEAP expression vectors were first cloned under HCMV and BGH pA control then
transferred in the different ChAd vectors containing HCMV/BGH pA cassette by
homologous recombination in BJ5183 cells.

Cloning of human Ad and vector construction
Human adenovirus vectors were constructed following the same strategy described for
chimpanzee adenovirus. Human Ad5, Ad6, Ad24, Ad26, Ad34 and Ad35 were obtained
from ATCC.

Adenoviral vector rescue, amplification and purification
Chimpanzee preAd plasmid were first digested with PmeI to release the viral ITRs then
3-5×106 HEK293/PER.C6 cells grown in DMEM, 10% fetal bovine serum (FBS), 1% Penn-
Strept in 6 cm cell culture dishes, were transfected with 10 micrograms of cloned viral
vector. DNA transfection was performed using Lipofectamine (Invitrogen). Vectors were
then expanded up to a production scale of 2×109 cells. Purification was performed by two
step Cesium Chloride gradient.

Neutralizing Antibody Assay
Neutralizing antibody (nAb) titers in human and mouse sera were assayed as previously
described (26). Briefly, 3.5×104 HEK293 cells were seeded per well in a 96 well plate for 2
days. Each adenoviral vector encoding for secreted alkaline phosphatase (SEAP) was pre-
incubated for 1h at 37°C alone or with serial dilutions of tested serum and then added to the
95-100% confluent HEK293 cells and incubated for 1h at 37°C. Supernatant was then
removed and replaced with 10% FCS in DMEM. SEAP expression was measured 24 hours
later with the chemiluminescent substrate from the Phospha-Light™ kit (Applied
Biosystems). Neutralization titers were defined as the dilution at which a 50% reduction of
SEAP activity from serum sample was observed relative to SEAP activity from virus alone.

Animals and Immunisation
Female, six weeks old BALB/c mice were purchased by Charles River (Charles River,
Como, Italy). Male Rhesus macaques (Macaca mulatta) of Chinese origin were housed at the
Italian National Research Council primate facility (Rome, Italy) or at IRBM (Rome, Italy).
The animal care routine and experimental procedures were in compliance with national and
international laws and policies (EEC Council Directive 86/609; Italian Legislative Decree
116/92; Gazzetta Ufficiale della Repubblica Italiana n. 40, Feb. 18, 1992). The ethical
committee of the Italian Ministry of Health approved this research. During handling, the
animals were anesthetized.

To determine immunological potency, five mice per group were immunized with escalating
doses of each adenoviral vector suspended in 100μl of adenovirus stabilization buffers A195
or A438 (see Supplementary Material and Methods) and injected in the quadriceps muscles
(50μl/site). Three weeks after vaccination mice were euthanized to measure T cell responses
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in splenocytes. In a second set of experiments, mice were pre-immunized twice every two
weeks with 1010 vp of Ad5, ChAd3, ChAd63, ChAd7 or ChAd30 expressing EGFP, or
mock vaccinated with buffer. Pre-immunized mice were then immunized once with 109 vp
of the above vectors encoding HIVgag in all possible vector combinations. Immune
response was tested on splenocytes two weeks after immunization.

Macaques were immunized intramuscularly in the deltoid with adenovirus diluted in 0.5 ml
of adenovirus stabilization buffer. At serial time points EDTA-treated blood was drawn,
PBMC were prepared by standard technique using Accuspin™ tubes containing
Histopaque-1077 (Sigma, UK), and used for immunological assays.

Human clinical trials
All volunteers gave written informed consent prior to participation and the studies were
conducted according to the principles of the Declaration of Helsinki and in accordance with
Good Clinical Practice (GCP). The HCV vaccine phase I trial (HCV001) was registered
with the European Clinical Trial database (EudraCT Number: 2007-004259-12) and with the
ClinicalTrial.gov database (ID: NCT01070407). The Malaria vaccine clinical trials (VAC
033 and MAL 034) were registered with the European Clinical Trial database (EudraCT
Numbers: 2006-005966-37 and 2008-006804-46, respectively).

Antigens for immunological assays
For BALB/c mouse experiments, a 9mer peptide encoding the HIVgag major H-2 Kd CD8
epitope (AMQMLKETI) was used as antigen in ELISpot assay, at a final concentration of
0.5μg/ml. For mouse ICS and macaque ELISpot and ICS assays, a pool of 122 15mer
peptides overlapping by 11 aminoacids dissolved in DMSO, covering the entire HIVgag
protein was used as antigen at a final concentration of 4μg/ml of each peptide. DMSO and
ConA were used respectively as negative and positive controls. For HCV vaccine clinical
trial a set of 494 15mer peptides overlapping by 11 amino acids encompassing NS3 to NS5B
proteins of the Non Structural (NS) region from HCV genotype 1b, BK isolate, were
arranged in six pools covering NS3 protease (NS3p), NS3 helicase (NS3h), NS4, NS5A and
NS5B (split in two pools NS5B-I and NS5B-II). Pools were used at a final concentration of
3μg/ml of each single peptide in the ELISpot assay. For the Malaria vaccine clinical trial,
20mer peptides overlapping by 10 amino acids, spanning ME and TRAP protein were used
for ex vivo ELISpot as described (38).

IFNγ ex vivo ELISpot
Antigen specific IFNγ production by splenocytes of immunized mice and by macaques
PBMC were determined by a standard ELISpot assay described in details elsewhere (27,
39). Ex vivo ELISpot with human PBMC for the HCV vaccine trial was performed as
described (40) with the following minor modifications: MSIP S4510 plates (Millipore) were
coated with 100μl/well of anti-human IFNγ monoclonal antibody (clone 1-D1K, MAbTech)
at 5 μg/ml; PBMC were plated in triplicate at 200.000 per well; detecting biotinylated anti
human IFNγ antibody (MAbTech clone 7-B6-1) was added in 50μl volume at 0.5 μg/ml,
and 50μl volume was kept in all subsequent steps of plate development. Ex vivo ELISpot
with human PBMC for the malaria vaccine trial was performed as previously described (38).

ELISpot data are expressed as IFNγ SFC (spot forming cells) per million splenocytes or
PBMC. The ELISpot response was considered positive when all of the following conditions
were met: IFNγ production present in Con-A stimulated wells; at least 50 specific spots/
million splenocytes or PBMC; the number of spots seen in positive wells was three times the
number detected in the mock control wells (DMSO).
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Intracellular staining and FACS analysis
IFNγ intracellular staining and FACS analysis on mouse splenocytes was performed by
stimulating four millions cells for 16 hours with HIVgag 15mer peptide pool in the presence
of GolgiPlug (BD Biosciences) according to the manufacturer instructions. After stimulation
the cells were first incubated with 1 μg/million cells of Fc Block (BD), than stained
superficially with the following antibodies: CD3e APC (clone 145-2C11), CD4 PE (clone
RM4-5) and CD8a P (clone 53-6.7). Cells were then permeabilized with Cytofix/Cytoperm
(BD) and stained in Perm/Wash (BD) with anti IFNγ FITC (clone XMG1.2). All antibodies
were purchased from BD Biosciences.

IFNγ ICS with human and macaque PBMC was performed as previously described (40)
using the following antibodies: CD3 APC (clone SP34-2), CD4 PerCP Cy5.5 (clone L-200),
CD8 PE (clone RPA-T8), all from BD, and IFNγ FITC (clone MD-1) from U-CyTech.
Acquisition was performed on the day of staining on a FACS Calibur; at least 30,000 CD8+
events were collected per sample. Data was prepared and analysis performed using
CellQuest. Cells were gated on small lymphocytes, CD3+, then CD4+ or CD8+ (excluding
double positives), and finally IFNγ.

Antibody responses
Antibody responses were assessed by ELISA after coating plates (NUNC Immuno plates)
with 1 μg/ml of recombinant HIV-1 gag p24 antigen (Austral Biologicals) in PBS, 100 ng
protein/well. Plates were blocked 1 hour at 37°C with Milk buffer (5% non-fat dry milk in
PBS, 0.05% Tween-20). Macaque serum samples were serially diluted 1:3 in Milk buffer,
starting at a dilution of 1:100, added to the blocked plate and incubated overnight at 4°C.
After wash, bound antibodies were detected using an anti-monkey IgG alkaline phosphatase
conjugated (Sigma A1929) diluted 1:5000 in Milk buffer and incubated 1 hour at room
temperature. After wash the plates were developed using SigmaFast AP substrate (Sigma
A1891) and optical density (OD) was read at dual wave lenght (405 and 620nm). Endpoint
titers were taken as the x-axis intercept of the dilution curve at an absorbance value 3x
standard deviations greater than the OD405 for pre-immune serum in each individual
macaque (typical cut-off OD405 for positive sera = 0.15).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Dose-response immunogenicity of human adenovirus in mice and macaques. Immunological
potency of human Ad vectors encoding for HIV-1 gag in BALB/c mice (A). Five animals
per group were immunized intramuscularly with escalating doses of each Ad vector. IFN-γ
ELISpot was performed on splenocytes collected three weeks later using as antigen a 9mer
peptide encoding the HIV gag major H-2 Kd CD8 epitope (AMQMLKETI). Each bar
represents the relative potency defined as the minimal Ad vectors dose capable of inducing a
HIV-1 gag-specific T-cell response in at least 2 out of 5 animals. Data are shown as the
reciprocal of minimal dose. The adenovirus serogroups are shown with different bar colours
(white=group B, black=group C, dark grey=group D).
Immunological potency of human Ad vectors in macaques (B). Three animals per group
were vaccinated intramuscularly with 1010 and 108 vp of each Ad vector encoding for
HIV-1 gag. Four weeks after vaccination, T cell responses to a 15mer peptide pool covering
gag were measured by IFN-γ ELISpot on PBMC. Data are expressed as IFNγ Spot Forming
Cells (SFC) per million PBMC. The mean responses + SEM are shown for each
immunization group.
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Fig. 2.
Phylogenetic analysis of chimpanzee adenovirus. The phylogenetic tree showing the
different human adenovirus species (A-F) was obtained by aligning the adenovirus hexon
sequences. Human adenovirus (hAd) representative of each species and chimpanzee
adenoviruses (ChAd) were included in the analysis. The phylogenetic tree was calculated
using the neighbor-joining method as implemented in ClustalX and displayed using drawtree
from PHYLIP version 3.69. Alignment positions containing gaps were excluded from the
analysis. The alignment of hexon proteins was manually optimized taking into account
structural restraints from the Ad5 hexon Xray structure. Bootstrap confidence values are
reported at branch points (1000 bootstrap cycles).
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Fig. 3.
Dose-response immunogenicity of chimpanzee adenovirus in mice and macaques.
Immunological potency of chimpanzee Ad vectors encoding for HIV-1 gag in BALB/c mice
(A) was measured as described in Fig. 1. Data are shown as the reciprocal of minimal dose.
The adenovirus serogroups are shown with different bar colours (white=group B,
black=group C, light gray=group E).
Immunological potency of human Ad vectors in macaques (B). Three animals per group
were vaccinated intramuscularly with 1010 and 108 vp of each Ad vector encoding for
HIV-1 gag. Data are expressed as IFNγ SFC per million PBMC. The mean responses +
SEM are shown for each immunization group.
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Fig. 4.
Frequency of IFNγ-secreting CD8 and CD4 T cells in mice and macaques. Frequency of
CD8 and CD4 T cells secreting IFNγ in response to stimulation with a gag peptide pool was
assessed using Intracellular Staining (ICS) and FACS analysis in mice (A and B, CD8 and
CD4, respectively) and macaques (C and D, CD8 and CD4, respectively). Each symbol
corresponds to IFNγ+ CD8 or CD4 frequency in individual animals, expressed as the
percentage of total CD8 or CD4. Horizontal line represents geometric mean.
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Fig. 5.
Neutralizing antibody response and lack of cross neutralization among different chimp
adenovirus strains. Neutralizing antibody titers to a panel of human and chimpanzee
adenoviruses measured in sera collected from a large cohort of Caucasian human healthy
volunteers (A). The graph reports the percentage of individuals that show neutralizing titers
above (black bar segment) or below (grey bar segment) 200 against each individual
adenovirus tested. Lack of cross-neutralization among different chimp adenovirus strains
(B). Chimp Ad belonging to different Ad serological groups were selected according to the
classification reported in Fig. 2. Mice were pre-immunized twice with 1010 vp of EGFP-
expressing vectors (identified by different bar color and pattern) and then vaccinated with
109 vp of HIV-1 gag expressing vectors as reported in the x axis. Three weeks later mice
were tested for T-cell response against gag by IFNγ ELISpot. Bars represent the mean
+SEM in each immunization group, expressed as IFNγSFC per million splenocytes.
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Fig. 6.
Longevity of memory T and B cell response in macaques. Three macaques were vaccinated
in early 2003 with 1010 vp of ChAd3-gag and boosted 6 years later with the same dosage of
PanAd3-gag. IFNγ ELISpot response is shown at peak post prime (4 weeks after
vaccination), at the time of long term boost (6 years) and 2 weeks post boost (A). Data are
shown as the group mean+SEM response at each time point. Quality of the IFNγ secreting T
cell subset, assessed ICS and FACS analysis 2 weeks after PanAd3 long term boost, is
shown in (B). Each symbol corresponds to IFNγ + CD4 or CD8 frequency in individual
animals, expressed as the percentage of total CD4 or CD8. Horizontal line represents
geometric mean. Antibody titers to p24 gag protein, assessed by ELISA and expressed as
endpoint titers, are shown in (C) for the three individual animals at the time of PanAd3-gag
boost and two weeks later. Horizontal line represents geometric mean
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Fig. 7.
Immunogenicity of human and chimpanzee adenovirus in humans. IFNγ ELISpot data from
human healthy volunteers vaccinated once with the indicated dosage of HCV adenovirus
vaccines Ad6-NSmut (n=9, (30)) and ChAd3-NSmut (n=10, (30)) or malaria adenovirus
vaccine ChAd63-METRAP (n=39, (31, 32)) are shown as mean+SEM of individual
responses to the vaccine inserts (A). Individual responses are obtained by summing each
volunteer’s reactivity to peptide pools (six pools for the HCV NS region and six pools for
TRAP plus one pool for ME regions of the Malaria vaccine insert). Peak response was
measured two or four weeks after vaccination. Dot plots showing IFNγ secretion by CD4
and CD8 T cells from two representative volunteers vaccinated with Ad6 or ChAd3 HCV
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vaccine vectors are shown in (B). PBMC were stimulated with either a mixture of the three
HCV NS pools covering NS3 and NS4 region of the HCV vaccine insert (NS3-4), or with
DMSO, the peptide pool diluent, as negative control. Numbers in each plot correspond to
frequency of IFNγ + cells over total CD4 and CD8.
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