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A Replicating Adenovirus Capsid Display Recombinant Elicits
Antibodies against Plasmodium falciparum Sporozoites in Aotus
nancymaae Monkeys

Kasey A. Karen,®* Cailin Deal,®* Robert J. Adams,? Carolyn Nielsen,* Cameron Ward,?* Diego A. Espinosa,? Jane Xie,? Fidel Zavala,?
Gary Ketner?®

W. Harry Feinstone Department of Molecular Microbiology and Immunology, Johns Hopkins University Bloomberg School of Public Health, Baltimore, Maryland, USA?;
Department of Molecular and Comparative Pathobiology, Johns Hopkins University School of Medicine, Baltimore, Maryland, USA®

Decades of success with live adenovirus vaccines suggest that replication-competent recombinant adenoviruses (rAds) could
serve as effective vectors for immunization against other pathogens. To explore the potential of a live rAd vaccine against ma-
laria, we prepared a viable adenovirus 5 (Ad5) recombinant that displays a B-cell epitope from the circumsporozoite protein
(CSP) of Plasmodium falciparum on the virion surface. The recombinant induced P. falciparum sporozoite-neutralizing anti-
bodies in mice. Human adenoviruses do not replicate in mice. Therefore, to examine immunogenicity in a system in which, as in
humans, the recombinant replicates, we constructed a similar recombinant in an adenovirus mutant that replicates in monkey
cells and immunized four Aotus nancymaae monkeys. The recombinant replicated in the monkeys after intratracheal instilla-
tion, the first demonstration of replication of human adenoviruses in New World monkeys. Immunization elicited antibodies
both to the Plasmodium epitope and the Ad5 vector. Antibodies from all four monkeys recognized CSP on intact parasites, and
plasma from one monkey neutralized sporozoites in vitro and conferred partial protection against P. falciparum sporozoite in-
fection after passive transfer to mice. Prior enteric inoculation of two animals with antigenically wild-type adenovirus primed a
response to the subsequent intratracheal inoculation, suggesting a route to optimizing performance. A vaccine is not yet avail-
able against P. falciparum, which induces the deadliest form of malaria and kills approximately one million children each year.
The live capsid display recombinant described here may constitute an early step in a critically needed novel approach to malaria

immunization.

ive oral adenovirus vaccines have been used successfully for

decades to protect United States military recruits from serious
respiratory disease due to adenovirus (Ad) infection (1-3). The
military adenovirus vaccines contain live virus incorporated into
enteric-coated tablets. Oral administration of the tablets leads to
an asymptomatic enteric infection that, in trials involving over
42,000 soldiers, resulted in protective immunity against respira-
tory disease caused by the vaccine adenovirus types (types 4 and 7
[Ad4 and Ad7]) in 70 to 100% of vaccinees (1-3). The oral ade-
novirus vaccines possess properties that suit them for use in set-
tings with limited public health resources and infrastructure, in-
cluding ease of administration by minimally trained personnel,
efficacy in a single dose, and freedom from the hazards associated
with needles. Successful development of oral recombinant adeno-
virus vaccines against diseases of the developing world therefore
would provide a valuable new tool in the global effort to control
infectious disease. To assess the promise of a replicating recombi-
nant adenovirus in immunization, we prepared and have begun
characterization of viable adenovirus recombinants intended to
elicit immunity to the malaria parasite Plasmodium falciparum.

Immunity to malaria infection can be induced by vaccination
with radiation-attenuated sporozoites, the infectious form of the
parasite injected by mosquitoes, administered either by hundreds
of mosquito bites or multiple intravenous injections (4, 5). The
principal target of irradiated sporozoite-induced immunity is
the circumsporozoite protein (CSP), which coats the exterior of
the sporozoite. The central region of CSP contains 25 to 50 repeats
of the amino acid sequence Asn-Ala-Asn-Pro (NANP) inter-
spersed with a few variants (6). This repeat is conserved in all P.
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falciparum isolates (7) and is the immunodominant B-cell epitope
of CSP (8). Antibody to the NANP repeat is sufficient to confer
protection in animal models (9-12), and protection by the most
advanced malaria vaccine candidate, RTS,S, is correlated with an-
tibody responses to the repeat region (13, 14). However, no can-
didate vaccine yet induces high-level, durable protection against
sporozoite infection (15, 16), and an urgent need for novel malaria
immunization strategies remains.

Adenoviruses that display exogenous epitopes on the surfaces
of their capsids (capsid display recombinants) are potently immu-
nogenic in mice (10-12, 17). Capsid display recombinants that
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FIG 1 Immunization schedule. Squares indicate times of immunization with Ad5hr-NVDP (filled squares, intratracheal) or Ad5hr-FFIG (empty square, oral).
Times of pre- and postimmunization blood collection are indicated by diamonds.

expressed either the central repeat B-cell epitope (NANP); or a
combined B- and T-cell epitope NANPNVDP(NANP), in-
duced high-titer P. falciparum CSP antibodies, and serum from
(NANP);-immunized mice (the only ones examined) neutralized
sporozoites in an in vitro assay (11). However, human adenovi-
ruses do not replicate in mice, and immunological responses to
capsid display recombinants in mice are not likely to accurately
predict responses to the recombinants as they replicate in humans.
To explore the properties of the capsid display recombinants un-
der conditions that permit replication, we prepared a recombi-
nant that displays the P. falciparum CSP central repeat epitope
NANPNVDP(NANP), on hexon, the major adenovirus capsid
protein. This recombinant, Ad5hr-NVDP, was constructed in an
adenovirus type 5 (Ad5) background that includes a mutation that
confers the ability to grow in monkey cells and macaques (18, 19).
Here, we report that the recombinant induces potentially protec-
tive humoral immune responses to the CSP repeat in Aotus mon-
keys, which also provide a challenge model for P. falciparum
sporozoite infection.

MATERIALS AND METHODS

Animals. Four Aotus nancymaae monkeys (An6012, An6209, An6160,
An6166), two males and two females, were used in this study. The Aotus
monkeys were supplied by the Michael E. Keeling Center for Comparative
Medicine and Research, University of Texas M.D. Anderson Cancer Cen-
ter. C57BL/6 mice were obtained from the National Cancer Institute.

All experiments were conducted with the approval of the Johns Hop-
kins University Institutional Animal Care and Use Committee.

Viruses. Ad5hr-NVDP is a viable recombinant that displays the P.
falciparum CSP epitope NANPNVDP(NANP), in hypervariable region 1
(HVR1) of hexon (11). Ad5hr-FFIG is a viable Ad5 recombinant that
expresses green fluorescent protein from the major late transcriptional
unit derived from Ad5-FFIG (20). Both viruses carry the h7404 mutation
in the adenovirus DNA binding protein gene that allows Ad5 to replicate
in Old World monkey cells, macaques (18, 19), and cells derived from the
New World monkey genus Aotus (C. Palma and G. Ketner, unpublished
data). Because of preexisting immunity to Ad5 in the human population,
Ad5 is not likely to be the platform ultimately chosen for viable recombi-
nant adenovirus (rAd) immunization. However, because Ad5hr404 (and
similar mutants of its close relative Ad2) are the only well-studied human
adenoviruses with the capacity to replicate in monkeys, studies in mon-
keys can be performed only in the Ad5hr background. Capsid-modified
derivatives of other, less ubiquitous Ad serotypes have been made, and
data derived from the Ad5 experiments described here should be applica-
ble to construction of antimalarial viable rAds in those serotypes.

Recombinants were purified by CsCl density gradient centrifugation
(21), dialyzed into storage buffer (5% sucrose, 0.15 M NaCl, 0.5 M CaCl,,
0.9 M MgCl,, 20 mM HEPES, pH 7.4), and stored overnight at 4°C before
use. Particle concentration was determined by A, (22), and numbers of
PFU were calculated assuming a particle/PFU ratio of 20:1.

Parasites. Hybrid P. berghei/P. falciparum is a transgenic P. berghei
parasite whose CSP bears the P. falciparum CSP central repeat region and
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that is sensitive to anti-NANP antibodies (23). Hybrid sporozoites were
obtained by dissection of Anopheles stephensi mosquitoes fed 21 to 22 days
previously on mice infected with the transgenic parasite provided by the
Johns Hopkins Malaria Research Institute Mosquito and Parasite Core
Facilities.

Immunizations. Two Aotus monkeys (An6012 and An6209) were ini-
tially given a single dose of ~10* PFU of Ad5hr-FFIG administered in
enteric-coated capsules (24) by using a gastric tube. The remaining im-
munizations were by delivery of 200 .l of a virus suspension containing
1 X 107 PFU directly into the trachea of anesthetized animals by percuta-
neous puncture with a 25-gauge needle.

Sample preparation. Peripheral blood (3 ml) was drawn from Aotus
monkeys just prior to each immunization, every other week for 4 to 8
weeks, and periodically thereafter (Fig. 1). Blood was fractionated using
Lympholyte cell separation medium (Cedarlane), and plasma was stored
at —80°C.

Enzyme-linked immunosorbent assay (ELISA). The wells of a 96-
well plate (Immulon 2HB) were coated with either urea-disrupted anti-
genically wild-type Ad5 particles or recombinant CSP (rCSP; MRA272) at
1 pg protein per well. The wells were washed thrice with phosphate-
buffered saline-0.1% Tween 20 (PBS-T) and thrice with PBS and were
blocked in 5% nonfat dry milk (NFDM) in PBS. Threefold or 5-fold serial
dilutions of the monkey plasma or the human or mouse positive-control
serum were made in 5% NFDM, spanning the range of 1:100 to 1:312,500.
Positive-control serum for Ad5 was obtained from a human source with
previous exposure to Ad5. CSP monoclonal antibody (MAb) 2A10
(MRA-183) (25) was used as the positive control for rCSP. Preimmuni-
zation samples for each monkey were used as negative controls along with
antigen-coated wells that received no serum. Incubation with serum or
plasma was for 1 h at room temperature followed by washing as described
above, the addition of horseradish peroxidase (HRP)-conjugated second-
ary antibodies against either mouse or human Ig diluted 1:1,000 in 5%
NFDM, and incubation for an additional hour. After being washed, the
wells were incubated with ABTS peroxidase substrate system (KPL) for 15
min at room temperature. The reaction was stopped with an equal volume
of 1% SDS in PBS, and the A5 was determined by a plate reader. Wells
were scored as positive if the optical density was at least double the average
optical density from wells with no serum. Each experiment was done in
triplicate. For the Ig isotype determination, bovine serum albumen (BSA)
was used in place of NFDM, and the secondary antibodies used were
anti-human IgG2 and IgM (1:3,000) (Invitrogen).

Adenovirus neutralization. Plasma samples were serially diluted in
PBS and 1% BSA. A total of 125 pl of diluted plasma was incubated with
125 ul of an Ad5-NVDPhr404 stock with a titer of approximately 2 X 10°
PFU per ml. After 30 min at room temperature, 100 pl of the mixture was
added to each of two 6-cm tissue culture dishes, and plaques were allowed
to develop under standard conditions. Neutralizing titers are given as the
reciprocal of the greatest dilution of plasma able to reduce plaque num-
bers by 90% compared to those of preimmune controls.

Immunoblots. For the detection of anti-CSP antibodies, 10,000 hy-
brid sporozoites were boiled in loading buffer, separated on a 12% SDS-
polyacrylamide gel, and electrophoretically transferred to a polyvi-
nylidene difluoride (PVDF) membrane. For detection of anti-Ad5 100k
antibodies, lysates of cells transfected with a 100k expression plasmid (gift
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from Antony Rosen, Johns Hopkins School of Medicine) were fraction-
ated on a 7.5% SDS-polyacrylamide gel and transferred to a PVDF mem-
brane. Membranes were probed with mouse anti-CSP MAb 2A10 tissue
culture supernatant, rabbit anti-late Ad protein antiserum (1:1,000), rab-
bit anti-100k antibody (26) (1:1,000), or monkey plasma diluted as indi-
cated in PBS containing 3% BSA. Appropriate HRP-conjugated second-
ary antibodies were diluted to 1:10,000 in 5% NFDM.

Immunofluorescence. A total of 5,000 hybrid sporozoites were spot-
ted in each well of an 18-well depression slide and air dried at room
temperature overnight. Dry slides were stored at —20°C. Plasma from
immunized monkeys (10 pl diluted in PBS containing 1% BSA), the 2A10
anti-CSP MADb (positive control; 1:100), or fetal bovine serum (FBS; neg-
ative control) was placed onto each well and incubated in a humidified
chamber for 30 min at room temperature. Wells were washed twice, and
10 pl of the appropriate fluorescein isothiocyanate (FITC)-conjugated
secondary antibody (1:500 in 1% BSA in PBS) was pipetted onto each well.
Slides were incubated for 30 min in a wet chamber at room temperature.
Slides were washed, mounted with Vectashield, dried, and examined un-
der UV illumination using a Nikon Upright 90i fluorescence microscope
and Volocity software (PerkinElmer). Immunofluorescence assay (IFA)
titers are expressed as the highest plasma dilution that visibly stained
sporozoites. Slides were examined independently by three investigators
who unanimously agreed on titers.

Sporozoite neutralization assays. The sporozoite neutralizing ability
of plasma was determined by an assay that measures the ability of sporo-
zoites to invade and traverse cells in culture (27, 28). A total of 50,000
hybrid sporozoites were incubated at room temperature for 30 min with
heat-inactivated monkey plasma at a dilution of 1:4 or 2A10 MAD at 50
pg/ml. Treated sporozoites were added to 50,000 HC-04 (29) cells grow-
ing in a 48-well plate in Iscove’s modified Dulbecco’s medium (IMDM)
containing 2.5% FBS, 100 units/ml penicillin, and 100 pg/ml streptomy-
cin. Rhodamine-labeled dextran was added to the medium at 200 g/ml
just prior to infection. At 4 h postinfection, the cells were washed with
IMDM and incubated with 1 mM Advasep-7 for 5 min. The cells were
then washed with PBS, harvested by incubation with trypsin, washed
again with PBS, and suspended in stain buffer (BD Pharmingen). Flow
cytometry was performed on the samples using the FL2 channel (BD
FACSCalibur). FloJo software was used to gate appropriately and enu-
merate cells that had taken up the labeled dextran. All test and control
incubations were carried out in triplicate. Data were submitted to the
Johns Hopkins Biostatistics Center for statistical analysis by analysis of
variance (ANOVA) to determine the significance of differences in tra-
versal inhibition between the postimmunization and preimmunization
samples for each monkey.

Passive immunization. Pools were prepared from the plasma samples
with the highest anti-CSP titers for An6160 (weeks 43, 45, and 49) and
An6166 (weeks 43, 45, 47, and 49). Female C57BL/6 mice, 6 to 8 weeks of
age, were injected with 250 .l of pooled plasma followed immediately by
10,000 hybrid sporozoites. Injections were delivered into the tail veins of
five mice per group with a 28.5-gauge needle. Forty to 42 h after sporozo-
ite injection, the mice were sacrificed, whole livers were homogenized,
and total liver RNA was prepared by the single-step method (30). Parasite
liver burden was determined by reverse transcription-quantitative PCR
(qQRT-PCR) of P. berghei 18S rRNA (31). A modified Thompson T test was
used to identify outliers, and a Mann-Whitney test was used to determine
significance of the differences among samples.

RESULTS

Immunizations. The intended route of immunization with our
viable adenovirus recombinants is oral. To test the feasibility of
oral infection of Aotus monkeys, two monkeys (An6012 and
An6209) were given enteric-coated capsules (24) containing ap-
proximately 10* PFU of antigenically wild-type green fluorescent
protein (GFP)-expressing recombinant Ad5hr-FFIG (20). At-
tempts to demonstrate virus replication by detection either of
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FIG 2 100k antibody responses in Aotus monkeys. Aotus pre- and postimmu-
nization plasma samples or anti-100k monoclonal antibodies were used in
individual immunoblots to probe lysates of 293 cells mock transfected or
transfected with a 100k-expressing plasmid. The numbers above pairs of lanes
are the weeks on which plasma samples were taken. The anti-100k panel is

duplicated in each row to indicate the position of the 100k band. 0 = preim-
munization plasma.

GFP-expressing cells or of viral DNA in stool were unsuccessful.
Further, only very low levels of adenovirus antibodies were de-
tected in immunized animals by ELISA up to 12 weeks after en-
teric immunization (however, see below). Because of lack of evi-
dence of robust replication, enteric immunization was not
pursued, and subsequent immunization with Ad5hr-NVDP was
by delivery of 5 X 10” PFU of virus to the respiratory epithelium
by intratracheal (IT) instillation. An6012 and An6209 received
their first Ad5hr-NVDP IT immunization 12 weeks after the at-
tempted enteric immunization. They were immunized IT at week
75 and again at week 99 with the same dose. An6160 and An6166
were immunized I'T with Ad5hr-NVDP at the same dose at weeks
0,17, and 41.

Viral replication in Aotus. To determine whether the recom-
binants replicated in immunized monkeys, we examined plasma
samples for antibodies to the viral protein 100k. Ad5 100k is not a
component of the adenovirus virion and is produced late in infec-
tion only by viruses capable of conducting a full lytic cycle. There-
fore, antibody responses to 100k will be seen only in monkeys in
which Ad5hr-NVDP has replicated. Immunoblots of lysates of
293 cells transfected with an Ad5 100k expression plasmid were
probed with pre- and postimmunization plasma samples with
high anti-Ad5 antibody titers (below). All four of the Aotus mon-
keys produced anti-Ad5 100k antibody detectable for at least one
time point (Fig. 2), and we conclude that Ad5hr-NVDP replicated
in Aotus monkeys.

Antibody responses to immunization. IT immunization elic-
ited antibody responses to both Ad5 and CSP in all Aofus mon-
keys, but the dynamics of the responses differed strikingly between
and within pairs of animals (Fig. 3A). The Aotus monkeys that
received the enteric dose of Ad5hr-FFIG (An6012 and An6209)
developed high levels of anti-Ad5 antibodies immediately after the
first intratracheal immunization. The anti-Ad5 responses were ev-
ident through weeks 22 to 24 in these animals but waned over the
year that elapsed prior to the second IT immunization (week 73).
Boosts with Ad5hr-NVDP via the intratracheal route had a mod-
est transient effect on anti-Ad5 antibody titers in both animals.
Ad5 titers were again boosted to transiently high levels by the third
immunization in An6012.

An6209 showed an immediate dramatic anti-CSP response to
the first intratracheal immunization in addition to its Ad5 re-
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FIG 3 Antibodies in Aotus plasma. (A) Anti-Ad5 titers (black bars; scale on the left axis) and anti-CSP titers (gray bars, scale on the right axis) were determined
by ELISA using total immunoglobulin (IgG, IgM, and IgA) secondary antibody. Triangles indicate immunizations; the open triangle indicates enteric immuni-
zation of An6012 and An6209. Fivefold serial dilutions were performed beginning at 1:500 for Ad5, and 3-fold serial dilutions were performed beginning at 1:100
for CSP. (B) Anti-CSP and anti-Ad5 IgG and IgM levels were measured in An6209 plasma samples drawn at weeks 2, 6, and 12 after the first IT immunization
with Ad5hr-NVDP. These times correspond to weeks 14, 18, and 24 in panel A. (C) Anti-Ad5 IgM titers in An6012 and An6209 following enteric immunization.
The first IT immunization was at week 12, following the collection of the week 12 plasma sample. The time axis is the same as in panel A. ND, not detected at 1:10.

sponse, and both An6209 and An6012 developed high-level anti-
CSP responses following the second intratracheal immunization.
Neither sustained these anti-CSP levels, but both responded mod-
estly to the third immunization (Fig. 3A).

The immediate Ad5 antibody response after IT immunization
in An6012 and An6029 suggested that their previous enteric im-
munization had primed the Ad5 response. To address that possi-
bility, we determined the isotypes of the Ad5 antibodies present
prior to and early after the first IT immunization in An6012 and
An6209. At both 6 and 12 weeks after administration of the enteric
capsules, both animals displayed IgM responses to Ad5 (Fig. 3B),
consistent with priming by the enteric dose. We then examined
the antibodies induced by the first IT dose in An6209, which had
responded immediately to both Ad and CSP (Fig. 3C). Two weeks
after the first IT immunization, Ad5 IgG2 levels were already high
in An6209, while very little Ad5-specific IgM was observed at any
time point (Fig. 2C). In contrast, CSP-specific IgM was abundant
at week 2 in An6209, decreasing thereafter. These observations are
consistent with priming of the Ad5 response but not the CSP
response by the initial enteric exposure to Ad5hr-FFIG.

An6160 and An6166, which had not been immunized orally,
responded weakly to the first exposure to Ad5hr-NVDP (Fig. 3A).
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Both animals showed increased anti-CSP antibodies after the sec-
ond exposure and high levels of anti-CSP after the third. The Ad5
responses were also boosted by the second (An6160) and third
immunizations, although only transiently in An6160.

Ad5hr-NVDP neutralizing titers also were determined for crit-
ical time points in An6209 (enterically immunized) and An6166
(Table 1). Neutralizing titers roughly paralleled the ELISA titers
shown in Fig. 3, although in An6209 neutralizing antibodies were
boosted more rapidly than Ad5 ELISA antibodies by the second IT
immunization and remained elevated in An6209 after ELISA titers
had returned to low levels.

Antibody recognition of sporozoite CSP. To confirm that the
ELISA data reflect reactivity to CSP epitopes that are expressed by
the parasites, immunoblot and immunofluorescence analyses
were performed with hybrid sporozoites. For the immunoblots,
whole sporozoite lysates were probed with one preimmunization
plasma sample and one anti-CSP-positive postimmunization
plasma sample from each Aotus monkey (Fig. 4A). The samples
from all four animals robustly recognized the parasite-derived
full-length CSP protein. For immunofluorescence, hybrid sporo-
zoites were stained with preimmunization or selected ELISA-pos-
itive postimmunization plasma samples or with CSP MADb 2A10

jai.asm.org 271


http://iai.asm.org

Karen et al.

TABLE 1 Neutralization titers”

Neutralizing ~ Ad5 titer

Monkey Wk  Description titer (90%) (ELISA)
An6209 0 Preimmunization <50 500

12 12 wks postenteric, pre-IT1 <50 500

16 4 wks post-IT1 4,050 12,500

24 12 wks post-1T1 12,150 12,500

75 63 wks post-IT1, pre-1T2 1,350 500

79 4 wks post-I1T2 4,050 2,500

99 24 wks post-1T2, pre-1T3 1,350 500

107 8 wks post-IT3 4,050 2,500
An6166 0 Preimmunization <50 500

17 17 wks post-IT1, pre-1T2 1,350 500

41 24 wks post-1T2, pre-1T3 36,450 2,500

47 6 wks post-1T3 36,450 12,500

“ Neutralization titers of monkey plasma samples were determined by plaque reduction
using Ad5hr-NVDP. Titers are expressed as the highest serum dilution that reduced
plaque-forming titer by 90% or more. ELISA titers are from Fig. 3. IT, intratracheal
immunization.

(32). Preimmunization samples showed no or very weak (An6160)
reactivity with sporozoites, while postimmunization samples
from all four Aotus monkeys showed bright sporozoite staining at
a dilution of 1:20 (Fig. 4B). Together, these experiments demon-
strate that the antibodies raised in the Aotus monkeys recognize
parasite-derived CSP and, in particular, full-length CSP as it is
expressed on the sporozoite surface. Despite similar ELISA titers,
plasma from An6160 and An6166 differed in potency in sporozo-
ite neutralization and passive immunization assays (see below).
Therefore, IFA titers also were determined by examining sporo-
zoites stained by serially diluted plasma samples taken from those
animals at the peak of CSP ELISA titers (week 43). Both samples
stained sporozoites strongly at 1:20. Plasma from An6166 but not
An6160 stained sporozoites weakly at 1:100. Therefore, by this
assay, anti-CSP titers were somewhat higher in An6166 than in
An6160.

Sporozoite neutralization. Using an in vitro assay, we deter-
mined if Aotus anti-CSP antibodies were capable of blocking
sporozoite invasion and traversal of liver cells, a process that is
required to establish infection in vivo. In this assay, uptake of
otherwise cell-impermeable rhodamine-labeled dextran reflects
successful invasion and traversal of cultured hepatocyte-derived
cells (HC-04) by sporozoites (28). Sporozoite inactivation by an-
tibody decreases the number of fluorescent cells generated by
sporozoite exposure.

We tested preimmunization plasma and the postimmuniza-
tion sample with the highest CSP ELISA titer for each Aotus
monkey at a final dilution of 1:4. Samples were tested in three
independent experiments, each experiment consisting of three in-
dependent neutralizations. Figure 5A presents the post-/preim-
munization ratios of the fractions of dextran-positive cells from
each monkey. The postimmunization sample from Aotus monkey
An6166 was able to inhibit cell traversal by sporozoites by approx-
imately 50% (P < 0.0001). The postimmunization plasma sam-
ples from An616012, An6209, and An6160 had no statistically
significant impact on the ability of sporozoites to traverse the
HC-04 cells.

Passive immunization. Neutralizing activity in vitro may or
may not accurately predict protective ability. Therefore, we as-
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sessed plasma from An6166 (neutralization-positive) and An6160
(neutralization-negative) in a passive immunization experiment.
Five mice were injected in the tail vein with 250 pl of Aotus plasma
followed immediately by 10,000 hybrid sporozoites. After 40 to 42
h, whole livers were homogenized and RNA was extracted for
quantitation of P. berghei 18S rRNA by qRT-PCR. Successful
sporozoite invasion of liver cells is reflected in the amount of P.
berghei rRNA in the liver, and neutralization reduces this liver
burden. Compared to preimmunization plasma, postimmuniza-
tion plasma from monkey An6166 decreased parasite liver burden
with P values of <0.03 (Fig. 5B) and <0.06 in two independent
experiments. There was no significant difference in liver burden
between An6160 pre- and postimmunization plasma. Thus, in
vitro neutralization correlates with in vivo protection experiments
for these animals, and we conclude that antibodies raised in
An6166 are both neutralizing and significantly protective in mice.

DISCUSSION

There is a clear need for fresh approaches to immunization both
against diseases refractory to current vaccination methods and
against diseases whose vaccines are financially or logistically bur-
densome. Decades of success with live oral adenovirus vaccines
developed by the U.S. military suggest that orally administered
recombinant adenoviruses may provide a route to economical,
logistically undemanding immunization against other pathogens.
Malaria caused by P. falciparum imposes enormous health and

A

Monkey 6012 6209 6160 6166 MAb

0 79 0 49 0 49 2A10

Week 0 79

FIG 4 Recognition of hybrid sporozoites by Aotus antibodies. (A) Whole
sporozoite lysates fractionated by SDS-PAGE were probed by immunoblotting
using pre- and postimmunization plasma samples or anti-CSP 2A10 MAb.
Plasma samples from weeks with positive anti-CSP ELISA results were used as
indicated. (B) Purified sporozoites were stained using pre- and postimmuni-
zation plasma samples, anti-CSP 2A10 MAb, or FBS and FITC-conjugated
secondary antibody. Postimmunization plasma samples were taken at the
weeks indicated. The FBS panels are phase-contrast (bottom) and fluorescent
(top) images of the same field; arrows show the location of sporozoites.
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FIG 5 In vitro neutralization and passive immunization by Aotus plasma. (A)
Sporozoite neutralization in vitro. Hepatocyte invasion by sporozoites was
measured by uptake of fluorescent dextran during cell traversal in tissue cul-
ture. Relative traversal was calculated as the ratio of traversal by sporozoites
treated with postimmunization plasma to that of sporozoites treated with pre-
immunization plasma for each Aotus monkey, or as the ratio of traversal by
sporozoites treated with MAb 2A10 to untreated sporozoites. The relative
traversal determined in each of three experiments is plotted for each monkey
and for 2A10 with standard error bars. The significance of differences in tra-
versal between pre- and postimmunization samples was determined by
ANOVA. *, P < 0.0001. (B) Passive immunization with An6160 and An6166
plasma. C57BL/6 mice were injected with 250 pl of pooled pre- or postimmu-
nization plasma from An6160 or An6166 and immediately challenged by
10,000 hybrid sporozoites. The resulting liver parasite burden was measured
by qRT-PCR of P. berghei 18S rRNA. Quantities normalized to GAPDH are
plotted, with the mean of the group indicated by the bar. A modified Thomp-
son T test was used to exclude an outlier from the postimmunization An6166
plasma sample (value of 8 X 10°), and a Mann-Whitney test was used to
determine P values for differences between pre- and postimmunization sam-
ples. *, P < 0.03.

economic burdens worldwide, but even the best conventional ma-
laria vaccine candidates are not ideal. Thus, malaria offers an es-
pecially high value target for novel approaches to immunization.
To explore the promise of live recombinant adenoviruses as vac-
cines against malaria, we constructed a series of viable adenovirus
recombinants that display protective epitopes from P. falciparum
CSP on the surface of their capsids.

Capsid display recombinants bearing the P. falciparum CSP
central repeat B-cell epitope are highly immunogenic in mice;
however, they do not replicate in this model system. To character-
ize our recombinants in a system where replication occurs, we
immunized four Aotus nancymaae monkeys, a New World mon-
key species that provides a challenge model for P. falciparum
sporozoite infection (33), with Ad5hr-NVDP, a recombinant
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bearing the CSP B-cell/T-cell epitope, NANPNVDP(NANP),,
and a host range mutation (hr404) that permits Ad5 growth in
certain monkey cells. Each immunized Aotus monkey produced
antibodies against the nonstructural late adenoviral protein 100Kk,
indicating that a productive infection had occurred. Virus was not
detectable in stool or saliva, however (not shown), suggesting that
replication was modest. This is the first demonstration of the
growth of human adenoviruses in an Aotus species, extends the
range of species in which live adenovirus recombinants can be
examined, and confirms the utility of Aofus in the evaluation of
our malaria capsid display recombinants.

An initial effort to immunize two animals (An6012 and
An6209) by oral administration of lyophilized virus in an enteric-
coated capsule did not yield evidence of viral replication nor elicit
an obvious antibody response (however, see below). This was un-
expected in light of the vigorous replication of the Ad4 and Ad7
vaccines in humans and the ability of Ad5hr404 to form plaques in
primary Aotus kidney fibroblasts (Palma and Ketner, unpub-
lished). Potential explanations include the small virus dose that
could be administered in the very small capsules that must be used
in Aotus, failure of the hand-coated capsules to survive passage
through the stomach or open in the gut, or difference in the sus-
ceptibility to Ad5 infection of cells in the intestines of Aotus and
humans. If enteric delivery is to be used in Aotus, then additional
work will be required to develop the technique. However, the goal
of this study was to examine the immunogenicity of replicating
rAds in Aotus monkeys, and we therefore chose to conduct subse-
quent immunizations by direct delivery of virus to the trachea.
Following IT immunization, each animal mounted an ELISA an-
tibody response to the Ad5 vector, confirming the immunogenic-
ity of capsid-display recombinants in a replication-permissive an-
imal. However, the kinetics of the responses dramatically differed
between pairs of animals: after their first IT immunization, the
enterically exposed An6012/An6209 pair responded immediately
and strongly with an anti-Ad5 response to Ad5hr-NVDP immu-
nization, while the An6160/An6166 pair responded modestly to
the first IT immunization and ultimately required three inocula-
tions to achieve Ad5 titers comparable to the initial responses of
An6012 and An6209. It seemed plausible that the prior attempted
enteric immunization of An6012 and An6209 with the reporter
virus Ad5hr-FFIG had primed the immune system to respond to
Ad5 antigens. To explore this possibility, we examined Ad5 anti-
bodies present prior to and early after the first I'T immunization in
An6012 and An6209. Following enteric immunization, both ani-
mals had developed low IgM responses to Ad5 that had not been
detected in our earliest assays. The presence of IgM is consistent
with priming by the enteric exposure. In the enterically exposed
An6209, the Ad5 antibody present 2 weeks post-IT was predomi-
nantly IgG2, with little IgM detectable. Thus, in An6209, the Ad5
response had undergone class switching within 2 weeks of IT im-
munization. Since antibody class switching from IgM to other
immunoglobulin isotypes occurs over the course of a few weeks,
these data support the idea that the Ad5 response was primed by
the previous enteric immunization 12 weeks earlier. If this is the
case, enteric infection must have primed the immune response
very efficiently, since in the An6160/An6166 Aotus pair, compara-
ble responses were seen only after the third IT immunizations.
This observation provides a persuasive argument for reinvestiga-
tion of enteric immunization in this system.

Strikingly, An6209 (but not An6012) also developed an imme-
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diate, strong anti-CSP antibody response. In contrast to the anti-
Ad5 IgG present 2 weeks after the first IT immunization, the pre-
dominant CSP response 2 weeks post-IT immunization was IgM.
This suggests that the CSP response was new, induced de novo by
the first IT immunization. This is consistent with the absence of
the CSP epitope from the FFIGhr404 used for the enteric dose. The
origin of the dramatic response of An6209 to the CSP epitope
remains uncertain. A vigorous T-cell response to hexon, primed
by enteric Ad5 immunization and recalled by the Ad5hr-NVDP
immunization, might have enhanced a bystander B-cell response
to the hexon-embedded malaria epitope in An6209.

Responses to the subsequent I'T immunizations in An6012 and
An6209 varied. Both animals showed an increased CSP response
after the second IT dose but not after the third. Responses to Ad5
were slightly increased after the second IT immunization in both
animals and substantially but transiently after the third in An6012.

While Aotus nancymaae monkeys are susceptible to P. falcipa-
rum sporozoite infection and provide a challenge model (34) that
we plan to use for vaccine efficacy measurements, sporozoite chal-
lenge in Aotus is inefficient, and to provide the power to detect
even high protective efficacy, a study would require substantially
larger numbers of animals than were available here. Therefore, no
Aotus challenges were attempted. Instead, potential protective
ability was assessed by in vitro neutralization and passive transfer
of Aotus plasma to mice. A cell traversal assay was used to measure
sporozoite neutralization in vitro by plasma from immunized
animals. Despite comparable ELISA titers in all animals, only
An6166 plasma significantly inhibited sporozoite invasion of
hepatocytes. Similarly, of the two animals tested in mice by passive
transfer (An6166 and An6160), plasma only from An6166, which
was also active in the in vitro sporozoite neutralization assay, pro-
vided protection in mice. An6166 had an IFA titer slightly higher
than that of An6160, and it is possible that a slightly higher anti-
body titer not detected in the ELISA is responsible for this differ-
ence. Alternatively, genetic diversity among outbred Aotus mon-
keys may have led to diversity in the specific antibodies induced by
the malaria epitope and to functional differences that account for
the difference in neutralizing activity.

The consistent induction of anti-CSP antibodies in Aotus mon-
keys by a replicating capsid display recombinant is an encouraging
early step in the development of live recombinant adenovirus vac-
cines against malaria and other targets. However, protection from
sporozoite infection by antibody alone is likely to require high
antibody levels. Approaches to improving the performance of
capsid display recombinants therefore will be required. Several are
available. First, the immunogenicity of a particular epitope in a
capsid display recombinant depends upon its configuration, in-
cluding which capsid protein or which hexon HVR is modified,
whether the epitope is an insertion or a substitution, and the
length and sequence of the specific antigenic peptide inserted (35).
Incorporation of identical or distinct epitopes in multiple hexon
HVRs or multiple capsid proteins is possible and may enhance the
magnitude or breadth of an antibody response to capsid display
recombinants. We and others have demonstrated induction of
robust T-cell responses against antigens delivered by live adeno-
virus recombinants that express whole proteins as transgenes (17,
18, 36). Recombinants that both contain a transgene and display a
relevant epitope on the capsid therefore might effectively induce
both humoral and cellular immunity. Recently, a nonreplicating
rAd expressing CSP from early region 1 and the repeat epitope on
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its hexon protein has been characterized with promising results in
mice (17). The ability of oral immunization to potently prime a
response to subsequent IT immunization in two Aofus monkeys
further suggests that optimization of the route of administration
might substantially enhance immunogenicity of capsid display re-
combinants.
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