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Abstract

An ideal malaria vaccine should target several stages of the parasite life cycle and induce anti-
parasite and anti-disease immunity. We have reported a Plasmodium yoelii chimeric multi-stage
recombinant protein (PyLPC/RMC), engineered to express several autologous T cell epitopes and
sequences derived from the circumsporozoite protein (CSP) and the merozoite surface protein 1
(MSP-1). This chimeric protein elicits protective immunity, mediated by CD4* T cells and
neutralizing antibodies. However, experimental evidence from pre-erythrocytic vaccine candidates
and irradiated sporozoites has shown that CD8* T cells play a significant role in protection.
Recombinant viral vectors have been used as a vaccine platform to elicit effective CD8* T cell
responses. The human adenovirus serotype 5 (Ad5) has been tested in malaria vaccine clinical
trials with excellent safety profile. Nevertheless, a major concern for the use of Ad5 is the high
prevalence of anti-vector neutralizing antibodies in humans, hampering its immunogenicity. To
minimize the impact of anti-vector pre-existing immunity we developed a chimeric Ad5/3 vector
in which the knob region of Ad5 was replaced with that of Ad3, conferring partial resistance to
anti-Ad5 neutralizing antibodies. Furthermore, we implemented heterologous adenovirus/protein
immunization regimens which include a single immunization with recombinant Ad vectors. Our
data show that immunization with the recombinant Ad5/3 vector induces protective efficacy
indistinguishable from that elicited by Ad5. Our study also demonstrate that the dose of the Ad
vectors has an impact on the memory profile and protective efficacy. The results support further
studies with Ad5/3 for malaria vaccine development.
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Introduction

Malaria continues to be the most relevant parasitic disease. Although significant
improvements in malaria control have occurred in the past few years, the number of clinical
episodes worldwide has been estimated at 198 million with 584,000 deaths annually (1). An
effective vaccine is required to reduce the burden of the infection and ultimately reduce
transmission. A majority of the malaria vaccines that have reached clinical trials have been
focused on targeting single antigens. However, given the complexity of the parasite-host
interaction, an ideal malaria vaccine should target several stages of the parasite life cycle to
induce clinical and anti-disease immunity. Although both antibody-mediated and cellular
effector mechanisms have been considered critical for anti-malaria immunity, a formulation
able to induce such balanced immune responses is not yet available.

We have previously reported £ yoelii chimeric recombinant proteins that are able to elicit
protective immunity using stringent murine challenge models (2, 3). These proteins include
sequences derived from the circumsporozoite protein (CSP) a pre-erythrocytic stage antigen
that we have called Linear Peptide Chimera (LPC) and the merozoite surface protein 1
(MSP-1) that we have called Recombinant Modular Chimera (RMC). Experiments have
shown that these chimeric proteins, engineered to contain several autologous promiscuous T
cell epitopes, have superior efficacy compared to a non-chimeric vaccine constructs (2). The
potential synergistic effect of combining these novel antigens was subsequently investigated
by comparing the immune responses after administration of the proteins formulated as a
mixture or delivered as a single fusion protein (P. yoelii LPC/RMC [PyLPC/RMC]) (4). We
confirmed that both approaches were effective in inducing multi-stage immune responses.

In vivo depletion of CD4 and/or CD8 T cells, in addition to passive transfer experiments of
purified total 1gG, showed that protective immunity induced by immunization with
PyLPC/RMC was mediated by CD4* T cells and neutralizing antibodies (4). Experimental
evidence using a diverse set of pre-erythrocytic stage vaccine candidates or irradiated
sporozoites have shown that CD8" T cells also play a significant role in protection against
the sporozoite challenge by interfering with liver stage development. In the search of optimal
vaccine platforms, several recombinant viral vectors have been used to deliver pre-
erythrocytic vaccine candidates designed to elicit effective CD8* T cell responses (5). On
the basis of such observations, we decided to produce recombinant adenovirus vectors
expressing PyLPC/RMC as a transgene and tested several prime-boost immunization
regimens with the reported fusion protein in an effort to improve protective efficacy.

Adenovirus vectors were selected due to the broad safety profile and ability to induce a
robust CD8* T cells and antibody responses (5). The most broadly used adenovirus vector is
the human adenovirus serotype 5 (Ad5). However, a major concern for the use of Ad5 is that
the high prevalence of anti-vector neutralizing antibodies in humans hampering its
immunogenic potential (6). Two different strategies are reported here to reduce the effect of
anti-vector pre-existing immunity: implementation of a single immunization scheme with
recombinant Ad vectors using heterologous prime-boost immunization regimens and the use
of the chimeric Ad5/3 vector that is able to circumvent anti-Ad5 preexisting immunity (7).
The knob region of the fiber protein has been described as the main domain where the
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immune responses are directed after a natural infection (8). The Ad5/3 vector has the Ad5
knob region replaced by that of Ad serotype 3 (Ad3) knob. We evaluated the magnitude and
functional properties of the immune responses elicited by immunization with recombinant
Ad5 and recombinant Ad5/3 expressing the chimeric PyLPC/RMC antigen as a transgene
and tested several immunization regimens. Comparative experiments demonstrated the
immune responses elicited by immunization with recombinant Ad5 or recombinant Ad5/3
were similar. Most relevantly, our data show that the Ad5/3 immunogenicity is related with
protection, supporting the use of Ad5 capsid modified vectors for malaria vaccine
development.

Materials and Methods

Chimeric vaccines design and characterization

The synthetic genes encoding for the 2. yoelii pre-erythrocytic/erythrocytic stage antigens
have been previously described (4). A 1242 bp synthetic Py-/pc/rmc gene, encoding a
chimeric antigen based on the 2 yoelii circumsporozoite protein genetically linked to a
chimeric P, yoelif MSP-1 was transformed into £. coliBL21 (DE3) cells (Novagen,
Madison, WI), and protein expression induced with 1 mM IPTG for 3 hours. The 414 amino
acid hybrid protein was purified with a Ni-NTA affinity column according to the
manufacturer’s instructions (Qiagen, Valencia, CA). For adenovirus expression, the gene
was codon-optimized for mammalian expression and synthesized commercially by Geneart
(Regensburg, Germany). The Py-/pc/rmc gene was cloned into the shuttle vector
pAdTrackCMV. The resulting shuttle plasmid pPCMVLPC/RMC was co-transformed with
the Ad backbone E1/E3-negative plasmids, pAdEasy-1 or with pAd5/3Easy (7), into the E.
colf strain, BJ5183. The BJ5183 strain is recA proficient and supplies the machinery
necessary for efficient homologous recombination between the shuttle plasmid and the Ad
backbone plasmid. After selection on kanamycin, recombinants were screened by restriction
digestion and PCR analyses for the presence of the Py /pc/rmc gene insert. Positive plasmids
were then transformed into a second E. coli strain, XL10-Gold (Stratagene), for
amplification of the recombined Ad plasmids. The recombinant Ad plasmids were then
transfected into HEK293 cells. HEK293 cells complement the E1 deletion in the Ad
backbone plasmid and allow de novo production of Ad virions. Recombinant Ad vectors
were rescued, expanded and purified by double cesium chloride sedimentation
centrifugation. The physical titers, or total virus particles (VP), were determined
spectrophotometrically by measuring the O.D. at 260 nm. Infectious titers were determined
on HEK293 cells using a 50% end-point dilution (TCID50) assay. The expression of
PyLPC/RMC was confirmed by western blot and flow cytometry analysis as described (9).

Virus neutralization assays

To assess the ability of anti-Ad5 antibodies to neutralize the chimeric Ad5/3 vector, we
generated anti-vector antibodies in mice. For these experiments groups of CB6F1/J mice
received two immunizations with 1.4x107 vp of empty Ad5 or empty Ad5/3 vectors twenty
days apart and the sera tested for neutralization activity against Ad5 and Ad5/3 vectors
expressing luciferase as described (10). Neutralization titers were defined as the maximum
serum dilution that neutralized 50% of luciferase activity.
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A library of 58 synthetic peptides representing the complete amino acid sequence of the
hybrid protein was used for ex vivo stimulation. The 15-mer synthetic peptides were
overlapped by 10 amino acids and commercially synthesized by Sigma-Aldrich (St Louis,
MO). The peptides were dissolved in dimethyl sulfoxide and stock solutions stored at
—-20°C. For ex vivo stimulation three peptide pools were used: the first pool contained 14
peptides that represented the PyLPC sequence (PyLPC pool), the second pool contained 24
peptides that represented the region of the PyRMC chimeric protein that contains T cell
epitopes (PyRMC pool 1), and the third pool contained 20 peptides that represented the
PyMSP-14g sequence (PyRMC pool 2) (4). The H-2KY/SYVPSAEQI/APC tetramer was
synthesized at the Tetramer Core Facility (Emory University, Atlanta, GA) representing the
CTL epitope of the P, yoelii CSP included in the chimeric LPC protein.

Immunization regimens and parasites

Female CB6F1/J (H-29/%) mice, 6 to 8 weeks of age, were purchased from the Jackson
Laboratory (Bar Harbor, ME). The hybrid mice were selected based on our published data
concerning the response of syngeneic mice to chimeric antigens (11) and to characterize
SYVPSAEQI-specific CD8* T cells (H-2KY restricted). Mice were housed in micro-
isolation cages and all procedures were approved by Emory University’s Institutional
Animal Care and Use Committee and followed accordingly. The mice were immunized
subcutaneously for protein immunization or intramuscularly for adenovectored vaccines on
days 0, 20 and 40 as summarized in Table I. The chimeric protein was used at 20 g
emulsified in Montanide ISA 51 (Seppic, Fairfield, N.J.) and recombinant adenovirus
vectors adjusted at 1.4x107 or 1x1010 vp/dose. The following groups were tested (Table 1):
1) Homologous prime-boost with Ad5-Py Joc/rme. 2) Homologous prime-boost with Ad5/3-
Py lpc/rmc.3) Homologous prime-boost with the PyLPC/RMC recombinant protein. 4) Two
immunizations with the recombinant protein and a final boosting with Ad5-Py jpc/rmec. 5)
Two immunizations with the recombinant protein and boosting with Ad5/3-Py Joc/rmec. 6)
Priming with Ad5-Py/Joc/rmc and boosting twice with the recombinant protein. 7) Priming
with Ad5/3-Py Joc/rmce and boosting twice with the recombinant protein. 8) Priming and
boosting with Ad5-Py Joc/rme. 9) Priming and boosting with Ad5/3-Py/pc/rme. 10) Control
group that received priming and boosting with an Ad5 empty vector. 11) Control group that
received priming and boosting with an Ad5/3 empty vector. For Ad5 sensitization, female
CB6F1/J (H-29/%) mice, 6 to 8 weeks of age, were immunized intramuscular with empty Ad5
vectors at a dose of 107 vp at days 0 and 20 to generate neutralizing anti Ad5 antibodies, 20
days after the sensitization mice received a priming with 107 v.p. of Ad5 or Ad5/3
expressing PyLPC/RMC as a transgene followed by two boosting immunizations with
PyLPC/RMC at 20 days’ intervals.

Anaopheles stephensi P. yoelii 17XNL infected mosquitoes were obtained from the New York
University School of Medicine insectary core facility. Experimental challenges were done
intravenously using 100 freshly isolated sporozoites. Giemsa-stained thin smears were made
daily and used to quantify parasitemia by counting the percentage of infected erythrocytes
from at least 1000 counted cells per mouse using light microscopy. Additional blood
samples were used to determine hemoglobin concentration as described using a Hemocue
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Hb 201+ hemoglobinometer (HemoCue, Brea, CA) (4). Mice were classified as severely
anemic when hemoglobin levels reached 5 g/dL. Those animals with a hemoglobin
concentration lower than this cutoff value were euthanized.

ELISA assays

The antibodies elicited by immunization with the hybrid protein were determined by ELISA
using Immulon 4HB plates (Thermo Labs Systems, Franklin, MA) coated with 1 pg/ml of
the hybrid protein diluted in carbonate buffer as described (2). Optical densities were
determined using a VERSAmax ELISA reader (Molecular Device Corporation, Sunnyvale,
CA) with a 405 nm filter. The endpoint was measured as the highest dilution of sera that
resulted in an O.D. of 0.5 (ODg 5). The results are presented as the reciprocal of the end-
point dilution. IgG isotype profiles were also determined by ELISA as described (2). The
affinity of antibodies was assessed by a thiocyanate elution-based ELISA as described
previously (12).

T cell depletion experiments

Depletion of lymphocyte subsets were conducted with groups of four or five mice by
intravenous inoculation of purified rat anti-CD4 (clone GK1.5) and anti-CD8 (clone
YTS169.4) monoclonal antibodies. Control mice, immunized with the specified vaccination
regimen, received purified normal purified rat IgG. As a positive control for infection groups
of mice were immunized with the empty Ad5/3 vector followed by two boosting
immunizations with Montanide 51 alone. Mice received 500 pug of the specified purified
antibodies/mouse given on days —1 and +2, relative to the day of challenge. The efficiency
of T cell depletion was assessed by flow cytometry analysis of splenocytes on day five using
naive mice.

Flow cytometry assays

For flow cytometric analysis of the £ yoelii LPC/IRMC-specific CD8* and CD4* T cells,
peripheral blood was collected into 3.7% sodium citrate/PBS tubes and erythrocytes were
lysed with ACK buffer (Life Technologies, Carlsbad, CA). After washing, the cells were
incubated with a-CD3e-PerCP (Clone: 145-2C11 Biolegend), a-CD4-Alexa Fluor 700
(Clone: RM4-5 eBioscience), a-CD11a-PerCP-Cy5.5 (Clone: M17/4 Biolegend), a-CD49d-
FITC (Clone: R1-2 Biolegend), a-CD8-APC-Cy7 (Clone: 53-6.7 Biolegend), H-2Kd/
SYVPSAEQI/APC tetramer (Tetramer Core Facility, Emory University, Atlanta, GA), a-
CD62L-V450 (Clone: MEL-14 BD Biosciences), and a-CD127-PE Cy7 (Clone: A7TR34
Biolegend) for 1 h at 4°C and then analyzed by flow cytometry. The cells were initially
gated on SSC/FSC, and then the frequency of tetramer-positive cells was determined on the
gated CD11a.+CD8+ population. As a surrogate marker of antigen induced stimulation
CDA4* T cells were gated on CD11* CD49d"! population as previously described (13).

Cellular immune responses in the spleen were measured by ICS, the panel was used to
simultaneously analyze IL-2, IFN-y and TNF-a at the single-cell level in T cells derived
from splenocytes obtained 5, 11 or 19 days after boosting. Cells were stimulated for 6 hours
with peptide pools, or with PyLPC/RMC at 2 pg/ml, at 37°C in the presence of GolgiPlug
(BD Biosciences). Cells were then incubated for 15 min in the presence of anti-mouse
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CD16/CD32 (Fc-block) before surface staining for 30 min with a.-CD3e-PerCP-Cy5.5
(145-2C11 Biolegend), a-CD8a-BV605 (Clone: 53-6.7 Biolegend), and a-CD4-Pacific
Blue (Clone: GK1.5 Biolegend). Permeabilization was performed using Cytofix/Cytoperm
solution (BD Biosciences) according to the manufacturer’s instructions. Cells were stained
intracellularly for 30 min with a-IFN-y-FITC (Clone: XMG1.2 Biolegend), a-IL-2-APC
(JES6-5H4 Biolegend), and a-TNF-a-PE (Clone: TN3-19.12 Biolegend). All incubations
were performed at 4°C. Cells were resuspended in 1% PFA solution and Flow cytometry
analyses were performed using a LSRII (BD Biosciences, San Jose, CA), data were
analyzed using FlowJo V10 (Tree Star, Ashland, OR). Analyses of multifunctional T cell
responses were done using a Boolean analysis in FlowJo. The lymphocytes were initially
gated on CD3*CD4" and CD3*CD8*, then antigen-specific cytokine-secreting T cells were
identified. The frequency of antigen-specific cytokine-producing cells was determined by
subtracting the percentage of cytokine producing T cells after incubation with medium alone
from the percentage of cytokine-producing T cells after incubation with PyLPC/RMC, or the
corresponding peptide pools. A threshold for a positive cytokine response was set above the
background, and samples that did not meet this requirement were set to zero.

Statistical analysis and graphs were made using GraphPad Prism 5.0 software (GraphPad
Software Inc., San Diego, CA). For analysis of the homologous vaccination regimens
antibody responses and tetramer staining data were log-transformed to achieve normality,
permitting parametric testing and comparisons using Student’s paired t-test. For
heterologous vaccination regimens, antibody responses and tetramer staining data were log-
transformed to achieve normality, permitting parametric testing and comparison using one-
way ANOVA with Bonferroni’s post-test. For antibody affinity assays and cytokine secreting
cells, Kruskal Wallis test with Dunn’s post-test was used. In experimental challenges,
differences between groups were evaluated by comparing mean area under the curve (AUC)
values using one-way ANOVA with Bonferroni’s post-test.

The high frequency of pre-existing immunity to adenovirus serotype 5 (Ad5) in humans is a
major concern for the use of recombinant adenovirus vectors for vaccine development (6).
The capsid and fiber modified vectors produced have been demonstrated to reduce the
impact of preexisting anti-Ad5 antibodies (14). Here we have tested the fiber-chimeric
Ad5/3 vector in which the Ad5 knob region of the fiber has been exchanged with the
corresponding region from Ad serotype 3 (Ad3) as previously described (15), for
comparative experiments with Ad5. The PyLPC/RMC protein was expressed as a transgene
and the recombinant vectors used for immunogenicity and protective efficacy in mice.

Homologous prime-boost immunization regimens with recombinant Ad vectors are highly
immunogenic

Comparative experiments were done to assess the immunogenicity of recombinant Ad
vectors expressing PyLPC/RMC. CB6F1/J mice were immunized twice intramuscularly with
107 vp/dose of Ad5 or Ad5/3 expressing PyLPC/RMC twenty days apart. PyLPC/RMC
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specific antibody responses were determined 20 days after the boosting immunization by
ELISA. Both the unmodified recombinant Ad5 vector and the fiber-modified Ad5/3 induced
high antibody titers which ranged between 5.1 x103 and 4.1 x 104 (Figure 1A), with no
statistically significant differences. As expected, significant differences in the production of
anti-PyLPC/RMC antibodies were observed when both regimens were compared to control
mice that received the empty adenovirus vectors (Figure 1A).

The frequencies of peptide-specific CD8" were determined in the peripheral blood at
different time points after the last immunization using a combination of antibodies for T cell
markers and the H-2K9/SYVPSAEQI/APC tetramer. A robust CD8" T cell response was
observed regardless of whether the mice were immunized with Ad5 recombinant vector or
the fiber-modified Ad5/3 (Figure 1B). Following boosting immunization with the
homologous prime-boost immunization regimen, SYVPSAEQI —specific CD8" T cells were
detected 5 days post-immunization. The peak of the SYVPSAEQI-specific CD8* T cells
was observed at day 19. Although differences in the levels of the SYVPSAEQI-specific
CD8™" were observed between both adenoviral vectors, with higher numbers observed in the
group immunized with Ad5, these differences were not significant by day 11 or day 19 post-
immunization (Figure 1B). The breadth of peptide-specific CD4* and CD8* T cell responses
was assessed by flow cytometry using pools of 15 AA overlapping peptides representing the
complete amino acid sequence of the chimeric PyLPC/RMC protein and intracellular
cytokine staining. There was comparable production of IL-2, IFN-y, and TNF-a by both
CD4* and CD8* T cells in mice immunized with recombinant Ad5 or the fiber-modified
Ad5/3 (Figure 1C and D). Cytokine secreting cells were detected after stimulation with
peptide pools representing the corresponding LPC or RMC chimeric proteins. There were no
statistically significant differences in PyLPC/RMC-specific T cell responses between the
two vectors.

Protective efficacy of homologous adenoviral prime-boost regimens

At 30 days after the last immunization, mice were challenged with fresh £ yoelii sporozoites
and parasitemias and hemoglobin levels were determined daily. Protective efficacy was
assessed using the area under the curve (AUC) of parasitemia vs time and the nadir
hemoglobin level, expressed as a percentage of the baseline hemoglobin. These results were
compared with a negative control receiving empty Ad5 vectors and a positive control group
receiving the previously protective homologous PyLPC/RMC prime-boost immunization
regimen (PPP). Of the homologous adenoviral regimens, only the Ad5/3 regimen was able to
significantly reduce the parasitemia levels when compared to the control group (Figure 2A).
Nonetheless, the Ad5/3 group exhibited a lower protective efficacy than the PPP group.
When hemoglobin was evaluated, only the PPP group had an effect on the hemoglobin
levels, exhibiting hemoglobin levels twice as high in comparison to the control group at the
point when the groups reached the lowest hemoglobin levels (Figure 2B).

Immunogenicity of heterologous prime-boost vaccination regimens

Considering that the lower efficacy observed in response to the homologous adenoviral
regimens could be explained by the reduction in the boosting effect, due to induction of anti-
adenoviral antibodies following the adenoviral prime, several heterologous Ad-protein
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regimens that included only one adenoviral immunization were tested (Table I). To assess
the immunogenicity of adenovirus vectors in heterologous prime-boost immunization
regimens, we compared antibody and T cell responses in groups of CB6F1/J mice.
Recombinant Ad vectors were administered intramuscularly at 107 vp/dose and the
PyLPC/RMC chimeric recombinant protein subcutaneously at 20 ug/ml emulsified in
Montanide ISA 51. Antibody titers were determined 20 days after the last immunization.
High antibody titers ranging between 1.3x108 and 5.2x10° were elicited in the PPP, PPAd5
and PPAd5/3 groups. Significantly lower titers were produced by the Ad priming regimens
(ranging between 3.2x10° and 1.3x106) when compared with the homologous prime-boost
immunization regimen PPP (p<0.05) (Figure 3A).

The antibody avidity induced by immunization with several prime-boost immunization
regimens was determined using a thiocyanate elution-based ELISA. Although significant
differences in final antibody titers were recorded between the mice of different
immunization regimens, anti-PyLPC/RMC antibodies exhibited high avidity after the last
boosting immunization in all regimens, requiring between 2.7 and 9.8M of NH4NSC to
interrupt binding of 50% of the antibodies. There was a trend towards higher avidity in mice
immunized with the heterologous regimen that included the recombinant Ad5/3 vector,
however these differences were not statistically significant (Figure 3B).

The frequencies of PyLPC/RMC-specific CD8* were determined in the peripheral blood at
different time points after the last boosting immunization using tetramer staining as
described above. The mice that received a final boost with recombinant adenovirus boost
had significantly higher frequency of SYVPSAEQI-specific T cells (Figure 3C). Following
boosting immunization with heterologous prime-boost immunization regimens,
SYVPSAEQI -specific CD8" T cells were also detected 5 days post-immunization with a
peak at day 11. Significant differences between groups were found on day 11 between the
mice that received the PPAd5 immunization regimen and those immunized with the
recombinant protein only (p<0.05). At day 19, the PPAd5 regimen exhibited significantly
higher numbers of SYVPSAEQI —specific CD8* T cells than both adenovirus priming
regimens (p<0.05 for Ad5PP and p<0.01 for Ad5/3PP).

Functional quality of the T cell responses induced by the heterologous regimens

To assess the functional quality of T cells elicited by immunization with several prime-boost
immunization regimens, we characterized the frequency of CD4* and CD8" T cells able to
produce IFN-y, TNF-a, and IL-2 in response to stimulation with the PyLPC/RMC protein
five days after the final boosting immunization. In contrast to our observations following
tetramer staining, mice immunized with the homologous prime-boost immunization (PPP)
produced high frequencies of CD8* T cells capable of producing cytokines in response to
the three peptide pools when tested five days after the last boosting immunization. These
peptide-specific T cells preferentially produced IL-2 and TNF-a. (Figure 4A). Additionally,
differences in the frequencies of peptide pool specific CD8* T cells were observed between
mice immunized with PPAd5 compared to PPAd5/3, with higher frequencies of cytokine
secreting cells induced by PPAdS5/3 regimen that included the fiber modified vector (IL-2,
p<0.01; IFN-vy, p<0.001 and TNF-a, p<0.001). This is in contrast to the frequencies
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detected in mice that received an adenoviral priming, as the frequencies of IL-2 and IFN-y
secreting CD8™ T cells induced were comparable regardless of the adenovirus used (Figure
4A). When comparing the frequency of TNF-a secreting CD8+ T cells, this response was
higher in mice immunized with Ad5PP than with Ad5/3PP (p<0.01). Following
identification of cytokine producing CD8" T cells, we determined the quality of the T cell
response, defined as the simultaneous production of two or three cytokines with their relative
proportion represented by pie charts (Figure 4B). Differences in the proportion of double or
triple cytokine producing CD8* T cells were observed in mice that received either
heterologous immunization with recombinant Ad5 in comparison to the PPP immunization
regimen (PPAd5 and Ad5PP, p<0.05). Significant differences in the proportion of double or
triple cytokine producing CD8* T cells were also observed in mice that received the
boosting immunization with Ad5/3 (PPAd5/3, p<0.05). Although differences in the
combined double or triple cytokine producers for all antigens tested were not significant for
Ad5/3PP immunized mice, the highest frequency of triple CD8" T cells producers was
observed in this group after ex vivo stimulation with a peptide pool containing the
SYVPSAEQI epitope (pool PyLPC, Figure 4B).

Similar to our observations of CD8* T cells, high frequencies of cytokine secreting CD4* T
cells were detected in response to the three peptide pools tested in mice immunized with the
PPP regimen. Differences in the frequencies of CD4™ T cells specific to the PyLPC/RMC
peptide pools were detected between the PPAdS5 and PPAd5/3 immunization groups, with
higher frequencies of cytokine secreting cells observed in mice that received the
heterologous PPAd5/3 regimen with the fiber modified vector (IL-2, p=0.0091; IFN-y,
p=0.0039 and TNF-a,, p=0.0078) (Figure 5A). Differences in the proportion of double or
triple cytokine producing CD4* T cells were observed in mice that received heterologous
immunizations that included the recombinant Ad5 and Ad5/3 vectors as priming in
comparison to the PPP immunization regimen (Ad5PP, p<0.01; Ad5/3PP, p<0.05) (Figure
5B).

Protective efficacy elicited by immunization with heterologous adenoviral prime-boost
immunization regimens

To evaluate the protective immunity induced by the heterologous prime-boost immunization
regimens, mice were experimentally challenged with P yoelii sporozoites thirty days after
the final boosting immunization. Parasitemias and hemoglobin levels were determined daily,
and protective efficacy was assessed as described above. Mice immunized with empty
adenovirus vectors were used as a control. Following challenge, the control group developed
high parasitemia and severe anemia that reached the cutoff of 5 g/dL between day 10 and 13
post challenge. All the immunization regimens tested induced protection against sporozoite
challenge with significant differences in parasitemia when compared to the group of mice
immunized with the empty vectors (p<0.001, Figure 6A and B). The parasitemia and
hemoglobin levels of mice in groups that included Ad5 (Figure 6A and C) or the fiber
modified Ad5/3 (Figure 6B and D) were comparable.

The heterologous immunization regimens that included priming with the adenoviral vectors
and boosting with the recombinant protein, Ad5PP and Ad5/3PP regimens, exhibited
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parasitemias four times lower than that of the PPP or PPAd groups, although these results
were not statistically significant. Furthermore, the AdPP regimens induced sterilizing
immunity in 66.7% (8/12) of the mice primed with Ad5 and in 41.6% (5/12) of those primed
with Ad5/3. There was not a significant difference in the proportion of mice that achieved
sterilizing immunity between the Ad5PP and the Ad5/3PP regimens (p=0.21). Of the mice
that developed parasitemia, the mean pre-patent period was 6.8 days (+ 1.3) for the priming
with Ad5, and 7.0 (x 1.3) days for the Ad5/3 priming. In comparison, mice immunized with
an empty Ad5 had a mean pre-patent period of 3.6 days (z 1.2), while mice immunized with
an empty Ad5/3 had a mean pre-patent period of 3.3 days (+ 0.5). The differences of the pre-
patent periods between the Ad-Protein regimens and the empty vectors where statistically
significant (p<0.001) (Supplementary Figure 1).

Effect of CD4* or CD8™ T cell depletion on vaccine efficacy

We have previously demonstrated the relevance of antibodies in protection induced by
immunization with a homologous prime-boost regimen of the PyLPC/RMC protein (4). /n
vivo depletion experiments were used to assess the roles of CD4* and CD8" T cells in
protective efficacy induced by immunization with a heterologous prime-boost regimen.
Having shown that immunization with heterologous regimens involving adenovirus priming
are more effective, the Ad5/3-PP regimen was selected for characterization of the cellular
effector mechanisms involved in protection. CB6F1/J mice were immunized with the
Ad5/3PP regimen and four weeks after the last boosting immunization T cells were depleted
with either anti-CD4* (clone GK1.5), anti-CD8* (clone YTS169.4), or a combination of
both monoclonal antibodies. Control mice immunized with Ad5/3-PP received purified
polyclonal rat 1IgG. Antibodies were administered intraperitoneally at 500 pg/dose, and given
on days —1 and +2 relative to the day of challenge. The efficiency of cell depletion was
monitored by flow cytometry analysis (data not shown). After experimental challenge, all
the mice immunized with the empty vector developed high parasitemias and severe anemia
between day 10 and 12 after challenge and were euthanized. All mice depleted of CD4* T
cells developed parasitemias that ranged from 12.3 to 15.2% at day 12 (p<0.0001, as
compared to Ad5/3PP immunized mice that received normal rat 1gG). In the CD8+ depleted
group, day 12 parasitemia ranged between 5.4 and 11.5%, significantly higher than the
parasitemia of Ad5/3-PP immunized mice receiving normal 1gG (p<0.001) (Figure 7A).
Similarly, in the CD4*/CD8" depleted group, all mice had peaks of parasitemias that ranged
from 9.5 to 18.3% at day 12 (p<0.001). All the PyLPC/RMC immunized mice treated with
normal rat 1gG survived the challenge and presented a day 12 parasitemia ranging between
0.2 and 1.5%. Consistent with parasitemias, mice in the CD4*, CD8*, and CD4*/CD8*
depleted groups also had reduction in hemoglobin levels in comparison to baseline levels
(p<0.001) (Figure 7B).

Neutralization capabilities of anti-Ad5 antibodies in the immunogenicity of heterologous
Ad-prime protein-boost regimens

To assess the ability of anti-Ad5 antibodies to neutralize the chimeric Ad5/3 vector, we

generated anti-vector antibodies in mice by immunization with an empty Ad5 vector. Anti-
Ad5 antibodies neutralized the Ad5 vector but exhibited a lower activity in neutralizing the
fiber modified Ad5/3 vector, requiring twice the amount of antibodies that were required to
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neutralize Ad5 (p=0.006) (Figure 8A). Consistent with this observation, when mice
previously sensitized with Ad5 were immunized with the Ad5/3PP or the Ad5PP regimens,
the proportion of CD8* T cells able to recognize the SYVPSAEQI tetramer was
significantly higher in the Ad5/3PP regimen but not in the Ad5PP regimen when these
regimens were compared to the control group receiving a priming with an empty Ad5 and
boosted with Montanide ISA 51 (Figure 8B). No differences between the regimens were
found in antibody titers against PyLPC/RMC (Figure 8C). When the CD4" and CD8"
cytokine secreting T cells were assessed after ex vivo stimulation with PyLPC/RMC, we
observed a significantly lower frequency of IFN-y and IL-2 secreting CD4* T cells and a
significantly lower frequency of IFN-vy, IL-2 and TNF-a secreting CD8" T cells in mice
immunized with Ad5PP when compared to Ad5/3PP (Figure 8D and E).

Effect of the adenoviral dose in the immunogenicity and protective efficacy of Ad prime —
protein boost heterologous regimens

Higher doses of recombinant Ad vectors, compared to those reported here, have been
reported for vaccine candidates in other experimental models (16, 17). We therefore decided
to immunize CB6F1/J mice with the heterologous Ad5PP and Ad5/3PP regimens with the
standard 107 v.p. dose (denominated Ad5PP-S, Ad5/3PP-S) and a high 100 v.p dose
(denominated Ad5PP-H, Ad5/3PP-H). The recognition of the SYVPSAEQI tetramer by
CD8™ T cells 20 days after the last immunization was significantly lower in the groups that
received high adenoviral doses, irrespective of the vector used (Figure 9A). The dual
expression of CD49d and CD11a has been used to define antigen experienced T cells as a
surrogate marker of CD4+ T cell activation (13). Similar to the tetramer recognition in CD8*
T cells, when we assessed CD49d and CD11a expression we found that the proportion of
antigen experienced CD4" T cells was significantly lower when the high adenoviral doses
were used for priming when compared to the standard 107 v.p. dose.

When the cytokine expression was evaluated in splenocytes obtained from mice immunized
with the different regimens 5 days after the final immunization, we observed a significantly
a higher frequency of IFN-y secreting CD8* T cells in both the Ad5 and Ad5/3 immunized
mice with standard priming dose, and a higher frequency of IFN-y secreting CD4* T cells in
mice immunized with the Ad5/3 regimen with standard priming dose (Supplementary Figure
2). Although the only other statistically significant difference was a higher frequency of
TNF-a secreting CD4* T cells induced by the Ad5PP regimen with standard priming, it is
important to note that the frequency of cytokine secreting cells tended to be higher in the
standard dose regimens when compared to the high dose regimens (Supplementary Figure
2).

Protection was assessed as the AUC of parasitemia vs time, and consistent with our previous
observations the standard dose regimens showed a significant reduction of the parasitemia
when compared to a control group receiving empty adenoviral vectors (Figure 9C).
Interestingly, we observed a loss of protection with the high adenoviral doses and in the
Ad5/3PP group parasitemias were higher than those recorded in naive mice. When the
hemoglobin was assessed at the nadir, only the Ad5/3PP-S group was able to significantly
control the hemoglobin drop associated to the infection (Figure 9D).
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Expression of PD-1 and memory markers on T cells after immunization with high doses of

Ad vectors

The expression of PD-1 has been associated with functional exhaustion of T cells (18). We
examined the effect of high doses of adenovirus vectors on PD-1 expression to assess if T
cell dysfunction can be associated with the poor efficacy observed after challenge. PD-1
expression was similar in all regimens tested, with no statistical differences between the
regimens (Data not shown).

The memory phenotype was assessed in PBMC by measuring the expression of CD127 and
CD62L. The expression of CD62L (L-selectin) and CD127 (IL-7R a-chain) allow us to
define 3 different memory populations: 1) Central memory T cells (CD62L*CD127%), 2)
Effector memory T cells (CD62L~CD127"), and 3) Effector T cells (CD62L~CD1277) (19,
20). When we analyzed the different memory subsets in antigen experienced CD4* T cells
(Figure 10A) and in SYVPSAEQI tetramer™ CD8* T cells (Figure 10B), we observed a
significantly larger population of CD8* effector memory T cells in the standard dose group
when compared to the high dose groups in response to both viral vectors.

Discussion

A second generation of malaria vaccines should be able to induce long lasting immunity and
robust T cell responses. To address this, we have developed a chimeric protein PyLPC/RMC
that elicits protection through strong antibody and CD4* T cell responses against pre-
erythrocytic and erythrocytic 2 yoelii stages (4). To induce an effective CD8* T cell
mediated immunity with our construct, the use of adenovirus was considered as the best
option given their high immunogenicity and safety profiles (21-24). In malaria, Ad5
expressing P, yoelii CSP was able to protect mice by inducing a CD8* IFN-y mediated T
cell response (25). This vector also induces a better cellular immunity against the conserved
CSP regions than RTS,S/AS01B, the only malaria vaccine tested in phase 11 clinical trials
(26). Nonetheless, the high prevalence of neutralizing antibodies against this vector,
especially in malaria endemic areas, created the need to explore vector alternatives (27).

Rare human adenovirus serotypes or simian adenoviruses can be considered an alternative
given the low prevalence of neutralizing antibodies to these viruses. However, these viruses
appear to be less immunogenic than Ad5 (6, 26, 28, 29). Since the pre-existing immunity
towards Ad5 is mainly directed to the fiber (30), we decided to use a chimeric Ad5/3 vector,
in which the Ad5 fiber knob region was replaced with the orthologous region from the rare
human adenovirus, Ad3 (31). In this study, mice previously immunized with empty Ad5
vectors produced antibodies that were able to neutralize Ad5 much more efficiently than
Ad5/3. The impact of pre-existing anti-Ad5 antibodies was also tested /77 vivo with the
Ad5/3PP regimen showing a more efficient induction of cellular immune response in
comparison to Ad5 sensitized mice immunized with the Ad5PP regimen. Our results are in
contrast with data reported by Bruder and colleagues working with chimeric Ad5 vectors
containing all nine hypervariable regions of the hexon protein derived from Ad43. Those
vectors were able to induce T cell responses in mice against CSP, but were not neutralized
by neutralizing antibodies induced by previous Ad5 immunizations, Nonetheless, anti-fiber
antibodies were able to neutralize them /n vitro (32). Both observations could indicate that
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although anti-fiber or anti-hexon antibodies alone are able to neutralize Ad vectors /in vitro, a
synergy between anti-hexon and anti-fiber antibodies is necessary to neutralize Ad vectors /n
vivo.

Here we also demonstrate that immunogenicity of recombinant Ad5/3 is no different than
that of recombinant Ad5, as no significant differences were found between Ad5/3 and Ad5
in antibody responses and cellular production of IFN-y, IL-2, and TNF-a after stimulation
with peptides pools representing different components of the PyLPC/RMC transgene. Also it
is likely that the Ad5/3 immunogenicity could be underrated by the model’s limitations,
since Ad5/3 is able to infect DCs in humans and non-human primates through CD46 (33,
34), a receptor not expressed in female mice. Ad5/3 also exhibits tropism for human
dendritic cells (DC) through CD80 and CD86 (35), and significantly higher tropism for
macaque DC in comparison to Ad5 (Blackwell, J. and Curiel, D., unpublished data).

During the course of this study, we have also confirmed the reports that regimens comprising
homologous Ad immunizations exhibit reduced efficacy when compared to heterologous
regimens due to the induction of anti-vector immunity (36, 37), as we demonstrated that
homologous immunization regimens with recombinant Ad5 or Ad5/3 vectors display
reduced protective efficacy when compared with a protein only homologous regimen. To
avoid the potential deleterious effect of the induction of anti-vector immunity by
immunization, we tested several immunization regimens that involved a single Ad vector
immunization. The optimized immunization regimen we describe here are in agreement with
previous reports that highlighted the relevance of Ad vectors as a robust priming agent in
heterologous immunization regimens that involve recombinant proteins (22, 38).

When we assessed the antibody response, both the Ad5PP and the Ad5/3PP immunization
regimens induced significantly lower anti-PyLPC/RMC titers than the PPP, PPAd5 and
PPAd5/3 regimens. No differences in antibodies affinity were observed, suggesting that the
use of Ad vectors did not affect the antibody functionality. A heterologous regimen that
combined a recombinant Ad35 expressing CSP for priming and RTS,S/AS01B for boosting
also produced lower antibody titers in comparison to homologous prime-boost immunization
regimen with RTS,S/AS01B (22). In contrast, Douglas et al. reported a vaccine regimen
consisting of priming immunization using the simian AdCh63 and a protein boost, that was
able to induce higher antibodies titers when compared with a homologous regimen
consisting of two immunizations with a 2. falciparum MSP-1 protein-based vaccine (39).
These differences can be explained by the better antibody profile induced by erythrocytic
stage antigens like MSP-1 (40).

In addition to the antibody response, cellular immunity also plays a critical role in malaria
protection. IFN-vy secreting CD8* T cells are one of the effector mechanisms to control
hepatocyte infection, inducing the production of nitric oxide in liver cells for the destruction
of the parasite or the infected hepatocytes (41, 42). Significantly higher frequencies of
PyLPC/RMC-specific CD8* T cells were found in mice immunized with the regimens that
involved boosting with the recombinant Ad vectors when compared with the PPP regimen.
Although the CD8" T cell responses induced by the regimens that involved priming with the
recombinant Ad vectors were higher than the PPP regimen, such responses were lower in
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comparison to the regimens involving recombinant Ad vector for boosting immunization. It
could be hypothesized that our protein induces CD8* responses susceptible to be boosted by
the adenovirus vector, but when used for boosting immunizations the protein is only able to
sustain the responses obtained by Ad vectors. Similarly, Rodriguez et al, showed that using
recombinant Ad35 as a priming strategy to deliver the Liver Stage Antigen 1 (LSA-1)
significantly enhanced the number of IFN-y producing CD4" T cells, while enhancing IFN-
v producing CD8* T cells when used for hoosting (38). This effect is also seen in a
tuberculosis model using BCG for priming immunization and a recombinant Ad5 expressing
the M. tuberculosis Antigen 85A as boosting in cattle (43).

The use of Ad vectors in vaccination regimens have shown both improved cellular response
and induction of multifunctional T cells when compared with protein immunizations (44).
Protection in malaria has also been correlated with multifunctional CD4* T cells in
volunteers immunized with sporozoites while taking chloroquine prophylaxis (45).
Meanwhile the association between CD8* multifunctional T cells and protection in malaria
is not clear (46, 47). Ad5/3 priming was able to induce the highest number of triple cytokine
producing cells in both CD4* and CD8* subsets and together with the Ad5PP regimen it was
able to induce significantly more double and triple cytokine producing CD4* and CD8* T
cells when compared with the protein only regimen. These results are congruent with a
phase | Mycobacterium tuberculosis vaccine clinical trial where an Ad5 vector presenting
Antigen 85A was able to induce multifunctional CD4* and CD8* T cells in humans
previously vaccinated with BCG (48).

Priming with recombinant Ad5 or Ad5/3 and boosting with PyLPC/RMC were the most
efficacious heterologous prime-boost vaccination regimens, as revealed by the higher
proportion of mice with sterilizing immunity, lower parasite loads and lower reduction of
hemoglobin when compared with the other immunization regimens. Despite the higher
numbers of CD8* T cells induced by the PP-Ad regimens, the protective effect was lower
than both the Ad-PP and the PPP regimens. This can be explained by the better quality of T
cells and antibodies (as observed by CD4* T cell multifunctionality and antibody affinity)
obtained with the Ad priming when compared to protein priming (49). Ad vectors also
maintain a transgene expression for periods longer than a year which are able to maintain
sustained frequencies of transgene product-specific CD8* T cells (50), this effect can also
explain the higher protective efficacy obtained with a heterologous Ad prime — protein boost
regimen when compared with an homologous protein regimen.

Depletion of T cells in the Ad5/3PP immunization regimen showed that CD8" T cells have
an impact on both parasite load and hemoglobin levels when compared to mice immunized
with the same regimen that received normal rat 1gG as a control, an effect that was not
observed with previous experiment with a homologous protein regimen (4). Consistent with
our previous results, CD4* T cell depletion also led to a significant increase in parasite load
and a decrease in hemoglobin levels. The predominant role of CD4* in our studies could be
explained by the findings of Provine et al, which demonstrated that CD4* T cells are
required by CD8* T cells for successful priming, effector differentiation, contraction
regulation, and protection after immunization with Ad vectors (51). CD4* T cells also have
several roles in anti- Plasmodium immunity, being able to control parasite development by
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IFN-y mediated nitric oxide production and TNF-a acting on the infected hepatocytes (52,
53). An IFN-y independent active elimination of malaria parasites from hepatocytes has also
been reported (54, 55). This elimination occurs both /n vivoan in vitro, and is mediated by a
cytotoxic effect via granule-mediated exocytosis of perforin and granzymes (56). Passive
transfers of these cells are able to induce protection (57) and humans immunized with
irradiated sporozoites or the (T1BT")4-P3C malaria peptide containing immunodominant T
cell epitopes of A, falciparum CSP are able to induce similar CD4* T cell subsets (56). The T
cell depletion assays also showed that mice depleted of both CD4* and CD8* T cells
exhibited lower levels of parasitemia in comparison with mice immunized with an empty
adenovirus, confirming the protective role of the anti-PyLPC/RMC antibodies (4). Draper et
al. similarly reported a vaccine candidate based on MSP-1 delivered using priming with
chimpanzee Ad63 followed by a boosting with a recombinant modified vaccinia Ankara
(MVA) with the ability of maintain its protective effect after T cell depletion (58).

Doses of recombinant adenovirus vectors higher than 107 v.p. have been able to enhance the
cellular response against the transgene product when delivered by rare human adenoviral
vectors (59, 60). Nonetheless, in our model priming with a 1010 vp of Ad5 or Ad5/3
recombinant vectors induced lower tetramer specific CD8" T cells and antigen experienced
CD4™* T cells. This observation was consistent with the loss of protective efficacy in mice
primed with the high Ad dose when compared to that including priming with the standard
107 v.p. dose. T cell exhaustion could be responsible for this effect. However, we were
unable to detect differences in the expression of PD-1 on CD4* or CD8* T cells in mice
immunized with high or standard doses of recombinant Ad vectors. In a recent study on
CD4* T cell exhaustion, Han et al. proposed that high antigen doses are related with a
decline in T cell functionality and a reduced memory capacity in a process similar to T cell
exhaustion. The effect in the reported model was not associated with PD-1 but with an
impaired Jun phosphorylation in response to TCR engagement (61). It may be likely that a
similar mechanism is responsible for our findings.

It has been suggested that the immunizations with Ad vectors can induce different T cell
responses ranging from the expansion and the induction of effector T cells to the loss of
functional responses (62). This broad range of immune responses is ultimately associated to
the dosage, with effective adenoviral doses showing differences at only 1 to 2 log (62). In
our study, we tested a dose 3 log higher than the efficacious dose and found that instead of
improving efficacy the protection was abrogated, further confirming that Ad vectors do not
exhibit a linear dose — effect correlation (62, 63). Krebs and colleagues, also found a similar
effect with the use of an Ad vector expressing B-galactosidase as a transgene (62), their
results showed that Ad vectors could induce a tolerogenic effect at high doses. This effect
has also been confirmed by other groups (64) and in our study with the Ad5/3PP-H group
showing higher parasitemias than the control group. In addition, Krebs et al, proposed that
Ad vectors can deliver their transgene to professional APCs in the secondary lymphoid
organs leading to DC maturation and at the optimal dose are able to induce effector CTL.
Nonetheless, high doses would still stimulate the APCs in secondary lymphoid organs long
after the inflammatory response mediated by the vector waned leading to transgene
presentation by APCs that lack the appropriate costimulatory molecules preventing optimal
T cell activation (62). Based on the lack of a complete understanding of adenoviral induced
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exhaustion, further studies are required to define the molecular mechanisms behind the
effect of the adenoviral doses on the induction of tolerogenic APCs.

The effect of cellular dysfunction induced by high doses is not limited to Ad vectors.
Wherry et al, using an MVA platform showed that there is a threshold for the optimal level
of epitope necessary to induce memory responses, with doses higher than optimal inducing a
qualitatively inferior memory cell population (65). In this study they demonstrated that the
levels of the epitope of interest in the priming determines the memory population. This is
consistent with our study in which we observed that the magnitude of the priming dose
determines the quality of the cellular responses in terms of antigen specific CD4" and CD8*
T cells.

Differences in the induction of tetramer specific CD8" memory T cells are showed here
withgnificantly higher frequency of effector memory T cells in both standard dose groups.
These results could be explained by the trend that stronger and longer antigenic stimuli tend
to increase the number of cells that differentiate into effector cells, while weaker signals are
able to induce the differentiation towards central and effector memory cells (66). In natural
infections, high antigen levels are related with the production of single cytokine producing
cells, loss of multifunctionality, and the progression to chronic infections (67). Additionally,
this loss of multifunctionality is also related to impaired development of memory T cells
(68).

Our finding that effector memory CD8" T cells able to recognize a hepatic antigen (the
SYVPSAEQI tetramer is specific for CSP) is related with protection is consistent with the
report of Reyes-Sandoval et al, that demonstrated that high frequency of CD8* T cells was a
correlate of protection for liver malaria using a different Plasmodium antigen, the
thrombospondin related adhesion protein (TRAP), and a different malaria parasite (P
berghel) (19). The need for effector memory cells in protection against pre-erythrocytic
malaria can be explained by the ability of these cells to enter tissues to create a resident T
cell memory population which could react much more efficiently than a central memory T
cell population resident in a secondary lymphoid organ (19). The fact that this population is
related with protection with two different hepatic antigens and two different Plasmodium
species makes for a strong argument that CD8" effector memory T cells are a correlate of
protection for liver malaria.

In summary, we have developed a chimeric adenovirus vector, able to circumvent anti-Ad5
immunity. This fiber modified Ad5/3 recombinant vector enhances cellular and antibody
responses when used as a part of a prime-boost immunization regimen with a chimeric
multistage protein targeting both the hepatic and the erythrocytic stages of £ yoelii. Such
responses are associated with enhanced efficacy. This novel prime-boost regimen was able to
induce a better cellular anamnestic profile when low doses of adenovirus were used for
priming, demonstrating that the protective efficacy of Ad vectors does not follow a linear
correlation but there is a threshold of efficacy where higher doses induce T cell dysfunction
and loss of anamnestic potential. Our results support further studies with this vector for
malaria vaccine development.
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Figure 1. Recombinant Ad5/3 exhibits similar immunogenicity than that of recombinant Ad5
(A) Comparative anti-PyLPC/RMC antibody titers measured 20 days after the second

immunization. Endpoint ELISA titers at 0.5 optical density were determined using the
recombinant protein PyLPC/RMC and serum samples from mice immunized with
recombinant Ad5, recombinant Ad5/3 or empty viral vectors and expressed as arithmetic
mean values * standard deviations (SD). ** p<0.01 by two tailed unpaired Student’s t test.
(B) Specific SYVPSAEQI/APC Tet* CD8" T cells induced by immunization with Ad5 or
Adb5/3 assessed at different time points after the final immunization, expressed as arithmetic
mean values * standard deviations (SD). *p<0.05 **p<0.01 by two tailed unpaired Student’s
T test when compared with mice immunized with empty adenoviral vectors. (C) Frequencies
of CD4* or (D) CD8* T cells producing IL-2, IFN-y, or TNF-a upon stimulation with pools
of synthetic peptides: PyLPC (black bars), PyRMC pool 1 (gray bars), or PyRMC pool 2
(white bars). Bars represent mean responses + standard deviations for five mice per group.
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Figure 2. Protective effect of homologous Ad5 or Ad5/3 regimens
Effects of homologous prime-boost regimens based on Ad5 or Ad5/3, after experimental

challenge with £ yoelii sporozoites. (A) Parasitemia presented as an area under the curve
(AUC) of parasitemia vs time and (B) hemoglobin levels presented as the lowest recorded
hemoglobin value expressed as a percentage of the baseline hemoglobin. Results are shown
for groups of mice immunized with the specified regimens. Data are the summary of the
results of two independent experiments (n=12 mice). Error bars show standard deviations.
Immunization groups were compared to a control group receiving empty adenoviral vectors
immunizations using one-way ANOVA and Bonferroni’s Post-test *p<0.05, *p<0.0001.
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Figure 3. Immunogenicity of prime-boost heterologous regimens
(A) Anti-PyLPC/RMC antibody titers measured 20 days after the second boosting

immunization. Endpoint ELISA titers at 0.5 optical density were determined using the
recombinant protein PyLPC/RMC and serum samples from mice immunized with the
different heterologous regimens and expressed as arithmetic mean values + standard
deviations (SD). * p<0.05 by one-way ANOVA with Bonferroni’s post-test. (B) Anti-
PyLPC/RMC antibody avidity expressed as avidity index measured as the concentration of
ammonium thiocyanate required to dissociate 50% of bound antiprotein antibodies. Boxes of
box-and-whisker plots summarize the medians and 25th and 75th percentiles, and whiskers
indicate the upper and lower adjacent values from 5 mice. (C) Specific SYVPSAEQI/APC
Tet™ CD8™ T cells induced by heterologous regimens assessed at different time points after
the final immunization, expressed as arithmetic mean values + standard deviations (SD). *
p<0.05 *p<0.01 by Kruskal-Wallis with Dunn’s post-test.
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Figure 4. Cytokine production and multifuncionality of CD8" T cells induced by the different
prime boost heterologous regimens

Frequencies of spleen CD8* T cells producing IL-2, IFN-y, or TNF-a obtained 5 days after
the last immunization with the heterologous regimens, upon stimulation with pools of
synthetic peptides: PyLPC (black bars), PyRMC pool 1 (gray bars), and PyRMC pool 2
(white bars). Bars represent mean responses + standard deviations for five mice per group.
(B) To determine the proportions of multifunctional CD8* T cells, Boolean gate analysis
was used to identify and quantify the fraction of the total response of cells that produced
three, two, or one cytokine in response to the corresponding antigen. The pie charts
summarize the fractions of single, double, or triple producers for indicated groups in the
experiment described for panel A. Box contains the regimens that significantly produce two
or more cytokines in comparison to the PPP immunization regimen (p<0.05 by one-way
ANOVA with Bonferroni’s posttest).
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Figure 5. Cytokine production and multifuncionality of CD4* T cells induced by the different
prime boost heterologous regimens

Frequencies of spleen CD4* T cells producing IL-2, IFN-y, or TNF-a obtained 5 days after
the last immunization with the heterologous regimens, upon stimulation with pools of
synthetic peptides: PyLPC (black bars), PyRMC pool 1 (gray bars), and PyRMC pool 2
(white bars). Bars represent mean responses + standard deviations for five mice per group.
(B) To determine the proportions of multifunctional CD4* T cells, Boolean gate analysis
was used to identify and quantify the fraction of the total response of cells that produced
three, two, or one cytokine in response to the corresponding antigen. The pie charts
summarize the fractions of single, double, or triple producers for indicated groups in the
experiment described for panel A. Box contains the regimens that significantly produce two
or more cytokines in comparison to the PPP immunization regimen (p<0.05 by one-way
ANOVA with Bonferroni’s posttest).
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Figure 6. Protective effect of the prime-boost strategy including recombinant Ad5 or Ad5/3

vectors

Effect of heterologous prime-boost regimens based on Ad5 (Left Panels) or Ad5/3 (Right
Panels) on Parasitemia (A—B) expressed as an area under the curve of Parasitemia vs Time
and hemoglobin levels (C-D) expressed as the lowest recorded hemoglobin presented as
percentage of the baseline hemoglobin. 20 days after the final immunization mice were
challenged with P, yoelii sporozoites. Data are the summary of the results of two
independent experiments (n=12 mice). Error bars show standard deviations. Immunization
groups were compared to a control group receiving empty adenoviral vectors immunizations
using one-way ANOVA and Bonferroni’s Post-test *p<0.05, *p<0.001.
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Figure 7. T cell depletion effect on protective efficacy in mice immunized with the Ad5/3PP
regimen

Efgfects of CD4" or CD8* T cell depletion in CB6F1/J mice immunized with a heterologous
regimen consisting in priming with Ad5/3 and boosting with PyLPC/RMC formulated in
Montanide ISA 51. Mice were treated the day before challenge and again on day 2 after
challenge using 500 pg of GK1.5 anti-CD4 monoclonal antibody, YTS169.4 anti-CD8
monoclonal antibody, or a combination of both. Control mice immunized with the same
regimen were treated with normal rat 1gG. As a control for infection, empty adenoviral
vectors immunized mice were included (Ad5/3e). Bars show the mean of parasitemias at the
peak expressed as percentage of parasitemia, error bars indicate SD (A) or the mean
hemoglobin reduction at the nadir expressed as a percentage of the baseline hemoglobin,
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error bars indicate SD (B). Data are representative of two independent experiments (n=6
mice). *p<0.05, **p<0.01 and ***p<0.001 by one-way ANOVA with Bonferroni’s posttest
in comparison to mice immunized with empty adenovectors.
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Figure 8. Effect of Anti-Ad5 antibodies in the immunogenicity of Ad5 and Ad5/3
(A) Neutralization of Ad5 (Closed Bars) or Ad5/3 (Open Bars) by sera of mice immunized

with Ad5. Viruses at an MOI of 10 were incubated with 5ul of sera from Ad5 immunized
CB6F1/J mice before infecting HeL a cells plated in 96-well plates. The infectivity was
determined by measurement of the luciferase transgene. The results present the reciprocal
mean neutralization titers able to neutralize 50% of the luciferase activity ** p<0.01 by two
tailed unpaired Student’s T test. The experiments were done in triplicate. (B) Specific
SYVPSAEQI/APC Tet* CD8* T cells induced by immunization with Ad5/33PP or Ad5PP
regimens in mice (n=5 per group) previously immunized with empty Ad5 to induce
neutralizing antibodies. Tetramer recognition was assessed 10 days after the final protein
boost and is expressed as arithmetic mean values * standard deviations (SD). **p<0.01 by
Kruskal-Walllis with Dunns’ post-test comparsions are presented between the immunization
groups and the control group. (C) Anti-PyLPC/RMC antibody titers measured 20 days after
the third and final immunization. Endpoint ELISA titers at 0.5 optical density were
determined using the recombinant protein PyLPC/RMC and serum samples from mice
immunized with the different heterologous regimens and expressed as arithmetic mean
values + standard deviations (SD). (D) Frequencies of CD4* and (E) CD8" IFN-vy, IL-2 or
TNF-a secreting T cells after stimulation with PyLPC/RMC. Spleens were obtained from
previously Ad5 sensitized mice, after immunization with the heterologous regimens. Bars
represent mean responses * standard deviations for five mice per group.
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Figure 9. Effect of the adenoviral dose in the immunogenicity and protective efficacy of
heterologous Ad Prime — Protein boost regimens

(A) Specific SYVPSAEQI/APC Tet™ CD8* T cells induced by immunization with Ad5/3PP
or Ad5PP using the standard adenoviral dose 107 v.p. (S) or a high adenoviral dose of 1010
v.p. (H) in mice (n=5 per group). Tetramer recognition was assessed 20 days after the final
protein boost and is expressed as arithmetic mean values + standard deviations (SD).
**p<0.01 by Mann-Whitney test comparisons are presented between the different doses of
the same adenovirus. (B) Antigen experienced CD4+ T cells (CD49d* and CD11a™) induced
by immunization with Ad5/3PP or Ad5PP using the standard or a high adenoviral dose in
mice (n=5 per group) *p<0.05 **p<0.01 by Mann-Whitney test. (C-D) Effect of the
adenoviral priming doses in protective efficacy after experimental challenge with 2 yoelii
sporozoites. (C) Parasitemia expressed as the area under the curve of Parasitemia vs Time
and (D) hemoglobin levels expressed as the lowest recorded hemoglobin presented as
percentage of the baseline recording. (n=5 mice). Error bars show standard deviations.
Immunization groups were compared to a control group receiving no immunizations using
one-way ANOVA and Bonferroni’s Post-test *p<0.05, **p<0.01.
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Figure 10. Malaria specific memory T cell induction by different adenoviral priming regimens
20 days after the final immunization memory T cells subpopulations were defined using the

expression of CD62L (L-selectin) and CD127 (IL-7R a-chain). The population of T cells
was then classified into central memory T cells (CD62L* CD127%), effector memory T cells
(CD62L~ CD127*) and effector T cells (CD62L~ CD1277). Results are presented as the
proportion of the cells corresponding to the total population of (A) antigen experienced
CD4* T cells or (B) Specific SYVPSAEQI/APC Tet* CD8* T cells. Comparison between
the individual vectors standard and high dose groups (n=5 mice per group) were performed
by Mann-Whitney test *p<0.05, **p<0.001.
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Immunization

Regimens

Table |

Group

Priming (Day 0)

Boosting (Day 20)

Second Boosting (Day 40)

Homologous Im

munizations

Ad5

Ad5-Py lpc/rme 1

Ad5—Py/pc/rch

No Immunization

Ad5/3

Ad5/3-Py fpc/rme 1

Ad5/3-Py [pc/rmel

No Immunization

Prime-Boost Regimes

PPP PyLPC/RMC PyLPC/RMC PyLPC/RMC
PPAdS5 PYyLPC/RMC PYyLPC/RMC Ads-Py Jpc/rmel
PPAdS/3 PYyLPC/RMC PYyLPC/RMC Ad5/3-Py Jpc/rmel
AdsSPP Ad5-Py Jpc/rmel PYyLPC/RMC PyLPC/RMC
Ad5/3PP Ad5/3-Py/p(:/rmL‘1 PyLPC/RMC PyLPC/RMC
Regimens in Ad5 Sensitized mice?

Adse-Ad5PP Ads-Py Joc/rmel PYLPC/RMC PYyLPC/RMC
Adse-AdS/3PP | Ags/3-py pcimel PYLPC/RMC PyLPC/RMC
Dose Comparison Regimens

Ad5-S Ad5-Py Jpc/rmel PYyLPC/RMC PyLPC/RMC
Ad5-H Ad5-Py pc/mc3 PYyLPC/RMC PyLPC/RMC
Ad5/3-S Ad5/3-Py foc/rmcl PyLPC/RMC PyLPC/RMC
Ad5/3-H AdS/3-Py Jpc/rmc3 PyLPC/RMC PyLPC/RMC
Control Groups

Adse Ads? Ads4 No Immunization
Ad5/3e Ads/34 Ads/34 No Immunization
AdbSe-M Ads4 Montanide ISA51 Montanide ISAS51
Ad5/3e-M Ads/34 Montanide ISA51 Montanide ISA51

JRecombinant Ad vector dose 1x107 vp.

Page 33

Previous to the immunizations, mice received two immunizations with Ad5 107 vp. without a transgene 20 days apart to induce Ad5 neutralizing

ab

3Recombinant Ad vector dose 1x1010 vp.

4No Transgene. Ad vector dose 1x107 vp.
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