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Figure 7. Application of the system biological approach for influenza vaccine development. Proposed model of future influenza vaccine
development and establishment of preclinical studies and batch release testing. Acquisition of transcriptome data at the preclinical and clinical phase
is useful for future batch release testing and the prediction of vaccine efficacy and toxicity.
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Cluster analysis of QGP data predicts influenza vaccine
safety

Conventional animal tests such as ATT and LTT have been
performed in Japan for the evaluation of influenza vaccine safety
and toxicity. Despite applying these tests that evaluate whole
virion-derived influenza vaccine from HAv, it is difficult to
distinguish statistically between different HAvs if they do not have
comparable toxicity greater than 20-50% to WPv. According to
the body weight change observed with ATT, we speculated that
HAv from manufacturer B was slightly different than the others
tested (Figure 3B), although this was not statistically significant.
However, when biomarkers were used with QGP to evaluate
HAvs, we could distinguish the HAv from manufacturer B
compared with those from other manufacturers. When we focused
on biomarker expression among the HAv-treated rat lungs, the
expression levels of Zbpl, MX2, Timpl, Lgals3bp, Tapbp, Lgals9, Irf7
and C2 were significantly up-regulated in rat lungs treated with
HAvs from manufacturer B (Figure 5A). In addition, cluster
analysis with the biomarkers predicted differences in HAvs as the
vaccine from manufacturer B was located in a separate cluster
from the other HAvs. Thus, these biomarkers can evaluate batch-
to-batch and manufacturer-to-manufacturer differences in HAvs
(Figure 5B).
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Discussion

Vaccine safety is critical in the process of vaccine development
and universal vaccination. Several vaccines were stopped owing to
safety concerns, including severe side effects, after they had
received marketing authorization and licensing, even when they
were effective [14]. To ensure the safety of vaccines, the preclinical
phase in the development of vaccines and the batch release system
after marketing authorization is critical. However, the guidelines
for nonclinical assessment of vaccines and batch release tests only
focus on the evaluation of vaccine efficacy and immunogenicity in
animal models, quality control testing programs and toxicology
testing in relevant animal models [15]. These guidelines do not
include scientific research for identifying the potential toxicities of
the vaccines, adjuvants and additives.

We have demonstrated the advantage of a system biological
approach using several vaccines authorized in Japan, eg. DPT,
JEV and Influenza vaccine including H5N1 pandemic influenza
vaccine [10-13]. We successfully identified several biomarkers to
evaluate DPT, JEV and influenza vaccine toxicity. In this study,
we demonstrate that the biomarkers used to evaluate H5NI
pandemic influenza vaccine could also be used to evaluate the
batch-to-batch consistency and the safety of HAvs. In addition,
they can be used to evaluate manufacturer-to-manufacturer
differences using the multiplex gene detection system. The
biomarker analysis correlated to findings from conventional
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animal use tests, such as ATT. In addition, sensitivity of toxicity
detection and differences in HAvs was higher and more accurate
than with conventional methods. Despite all the HAvs evaluated in
this study meeting MRBP criteria and passing NCL, our results
suggest that HAv from manufacturer B is slightly different than the
HAvs according to Lgals3bp, Tapbp, Lgals9, Irf7 and C2 gene
expression. Among the official vaccine adverse event information
provided by the Japanese authorities, there is no reported evidence
that the adverse event rate was increased or that severe adverse
events were observed caused by HAv from manufacturer B. It is
still unknown what factors (additives, formalin content, protein
content) induce these biomarkers in the HAv from manufacturer
B. Further studies are needed to determine whether our
biomarkers could predict the toxicity of influenza vaccine by
using different formulations of HAv. Using biomarkers from any
grade characterized in this study, we could also predict the safety
of influenza vaccines within 2 days whereas the conventional
animal use safety test, ATT requires 7 days for evaluating batch-
to-batch consistency and vaccine safety. Further studies are needed
to determine how these biomarkers can be used to evaluate the
safety of HAv. To set the percent limit of up-regulation of each
biomarker, it might be helpful to compare another conventional
test such as LTT [[http://www.nih.go.jp/niid/en/mrbp-e.html]]
as well as a comparison of failed batches of HAv. LTT evaluates
the peripheral leukocyte number reduction rate compared with
WPv. In general, WPy induces a strong loss of peripheral leukocyte
numbers 16 hours after WPv administration in mice [9 and 28].
The test criteria of LTT is that the loss of leukocyte numbers in
test samples must be no greater than 20% compared with a
reference toxic vaccine such as WPv or less than 50% of SA-
treated mice. These criteria may be applicable to set our
biomarker expression limit. Further validation is required to set
the limit the gene expression level.

Influenza is a socially important infectious disease that causes
seasonal flu outbreaks worldwide and has a pandemic status [16].
Correspondingly, many types of influenza vaccine (cell derived,
recombinant derived, live attenuated and inactivated influenza
vaccine), have been developed to ensure efficacy and reduce
toxicity [17]. While some adjuvants have been developed and used
to amplify vaccine efficacy [8], the safety of adjuvants is still of
concern. Recently, several adjuvants (squalene-based MF59 and
AS03) developed and licensed for use only in pandemic influenza
vaccines were under investigation for the occurrence of narcolepsy
in vaccinated children in European countries [18]. Conventional
safety tests could be used to evaluate the safety of these vaccines
[19], but it is still difficult to predict the safety and toxicity of
influenza vaccines, adjuvants and additives [20]. We demonstrated
that usage of system biological approaches to evaluate safety might
revolutionize vaccine testing methods [21]. Most of the previously
identified biomarkers were up-regulated and correlated with
influenza infection, interferon responses, antigen presentation
and antibody production (Figure 6). In addition, we found that
several biomarkers, Cxcl9, Trafdl, and C2 were candidates for
evaluating differences between alum-adjuvanted influenza vac-
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cines and nonadjuvanted vaccines. Further studies, using several
adjuvants, are needed to confirm the feasibility of these biomarkers
in evaluating adjuvant safety.

In addition to whole transcriptome analysis of vaccinated
animals, recent advances in genome research enabled the
acquisition of whole transcriptional data from vaccinated individ-
uals and identification of gene expression after immunization with
vaccines to yellow fever, measles, tularemia and tuberculosis [22].
With a focus on the influenza vaccine, Bucasas et al. reported a
494 gene set, including biomarkers identified in our previous study
(MXI, IRF7) that strongly correlated with antibody responses in
humans [23]. Wei et al. reported gene expression differences
between HAv and live attenuated influenza vaccine. They
identified 265 differentially expressed genes, including our
previously identified biomarkers, [RF7, MXI, MX2, OASI and
ZBPI [24].

Recently, Nakaya and Pulendran reported a system biological
approach, termed systems vaccinology [25], which was used to
predict immunogenicity and provide new mechanistic insights
regarding influenza vaccination. They also reported several gene
sets that predicted influenza vaccine immunogenicity, including
our previously identified biomarkers, MX1, MX2, OASI and IRF7
[26]. More recently, Franco et al. reported 20 genes, including our
biomarkers, 7AP2 and OASI, which correlated with antibody
responses, using integrative genomic analysis [27]. All these
reports suggest that using animal models is still useful if biomarkers
are up-regulated in vaccinated individuals and can reveal the role
of biomarkers in immune responses and vaccination toxicity.
Thus, in the preclinical and clinical phase, the acquisition of
transcriptome data from both vaccinated individuals and animals,
and a comparison of these data will be helpful for future vaccine
development and batch release testing (Figure 7).

Taken together, system biological approaches to identify
vaccine toxicity using whole genome transcriptome methods will
improve vaccine development in preclinical and clinical phases if
more data are generated from successfully vaccinated individuals
and those with side effects. It is still unclear whether and how these
factors determine immunogenicity and toxicity. Further studies are
required to identify and reveal the mechanisms underlying
vaccination in humans and in animal models, including nonhu-
man primates.
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Few of the vaccines in current use can induce antigen- (Ag-) specific immunity in both mucosal and systemic compartments. Hence,
the development of vaccines that realize both mucosal and systemic protection against various pathogens is a high priority in global
health. Recently, it has been reported that intramuscular (i.m.) vaccination of an adenovirus vector (Adv) can induce Ag-specific
cytotoxic T lymphocytes (CTLs) in both systemic and gut mucosal compartments. We previously revealed that type I TFN signaling
is required for the induction of gut mucosal CTLs, not systemic CTLs. However, the molecular mechanism via type I IFN signaling
is largely unknown. Here, we report that type I IFN signaling following i.m. Adv vaccination is required for the expression of type
IIFN in the inguinal lymph nodes (iLNs), which are the draining lymph nodes of the administration site. We also showed that the
type 1IFN signaling is indispensable for the early activation of CTLs in iLNs. These data suggested that type 1 IFN signaling has an
important role in the translation of systemic innate immune response into mucosal adaptive immunity by amplifying the innate
immune signaling and activating CTLs in the iLN.

1. Intreduction are important in vaccine development to establish protective

Mucosal membranes have enormous surface areas, through immune responses at mucosal sites as well as systemic sites
which most pathogens access the body, and therefore, they ~ [L, 2]. Hence, the development of vaccines that realize both
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mucosal and systemic protection against various pathogens
is a high priority in global health. However, few of the
vaccines in current use can induce antigen- (Ag-) specific
immunity in both mucosal and systemic compartments [3].
In general, the induction of mucosal immunity by systemic
administration of vaccine has proven to be difficult due to
the unique immunological features of the mucosal immune
system [3].

The replication incompetent recombinant adenovirus
vector (Adv) has several advantages as a gene therapy vector:
it provides the highest gene transduction efliciency among
the currently available vectors, it has low genotoxicity because
it is not integrated into the chromosomal DNA, and it can be
easily prepared in high titers. Moreover, it has been revealed
that Adv can be applied to gene therapy-based vaccines,
and several Adv and vaccine protocols have been used in
preclinical studies [4]. Recently, it has been reported that
intramuscular (i.m.) immunization with an Adv vaccine-
expressing simian immunodeficiency virus (SIV) gag can
induce functional and sustainable SIV gag-specific cytotoxic
T lymphocytes (CTLs) in the gut mucosal compartments
as well as the systemic compartments in mice and rhesus
macaques [5-7]. Adv is expected to become a next generation
mucosal vaccine that combats severe intracellular pathogens
(8].

Innate immune responses have been clearly shown to
be critical for the optimal induction of adaptive immune
responses [9-11]. Moreover, there is accumulating evidence
that the adjuvants which activate innate immunity are effec-
tive for the induction of vaccine effects [12]. Several studies
have revealed that Adv-derived nucleic acids, adenoviral
genomic DNA, and adenoviral noncoding RNA (virus-
associated RNA (VA-RNA)) activate innate immunity and
produce innate immune cytokines. The adenoviral genomic
DNA triggers innate immune responses through several
pattern recognition receptors and adaptor molecules, such as
Toll-like receptor 9 (TLR9)/myeloid differentiation primary-
response protein 88 (MyD88) [13-15], and cGAMP synthase
(cGAS)/stimulator of interferon genes (STING) [16], and
induces the production of type I IFNs and proinflammatory
cytokines. VA-RNA also induces the production of type I
IFN through IFN-f promoter stimulator-1 (IPS-1) [17]. Type

I IFN induced by Adv immunization has been shown to .

have an important role in the subsequent systemic adaptive
immunity. It is indicated that not only dendritic cells (DCs),
but also other types of cells, such as stromal cells, produce
IFN-f in vivo and are involved in the induction of adaptive
immunity [17-19]. Thus, determining the role of IFN-f
in vivo is important for vaccine development. Moreover,
the magnitudes of type I IFN correlate with the titers of
Ad-specific neutralizing antibodies, suggesting that type I
IFN signaling controls the efficacy of Adv vaccine [20].
We previously reported that type I IFN signaling following
im. Adv vaccination is required for the induction of Ag-
specific CTLs not in the systemic compartment but in the
gut mucosal compartment [8]. Thus, type I IEN is important
for the positive regulation of the Ag-specific gut mucosal
cellular immune response. However, it is unclear how the
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Adv-induced type I IFN signaling translates innate immune
response into gut mucosal adaptive immunity.

In this study, we report that type I IFN signaling is
indispensable for the expression of IFN-q, IFN-f, cGAS,
and TLRYin the draining lymph nodes (DLNs) in the early
stage following i.m. Adv vaccination. Moreover, we found that

- type I IFN signaling is essential for the early activation of

CD8" T cells in the DLNs. These data suggested that type
I IFN signaling has an important role in the translation of
systemic innate immunity into mucosal adaptive immunity.
Our findings should lead to the development of safer and
more efficient mucosal Adv vaccines.

2. Materials and Methods

2.1. Mice. C57BL/6] (wild-type, WT) mice were purchased
from Japan SLC (Hamamatsu, Japan) and IFNAR2™ mice
(C57BL/6] background) were established as described pre-
viously [21]. All mice were housed in an animal facility
under specific pathogen-free conditions and used at 7-8
weeks of age. All animal experimental procedures used in this
study were performed in accordance with the institutional
guidelines for animal experiments at Osaka University and
the National Institute of Biomedical Innovation.

2.2. Adv Production and Immunization. The adenovirus
type 5 vector-expressing LacZ (Ad-LacZ) was constructed
as described previously [22]. Briefly, the expression cas-
sette containing the chicken f-actin promoter with the
cytomegalovirus enhancer (CA) driven [23] LacZ gene was
inserted into the E1/E3-deleted adenovirus type 5 genome.
This virus was grown in 293 cells using standard techniques.
Ad-LacZ was purified with CsCl, step gradient ultracentrifu-
gation, dialyzed with a solution containing 10 mM Tris (pH
75), lmM MgCl,, and 10% glycerol, and stored in aliquots
at —80°C. Determination of the virus particle (vp) titers
was accomplished spectrophotometrically according to the
methods of Maizel et al. [24]. All mice were injected under
anesthesia in the right and left quadriceps muscles with Ad-
LacZ (5 x 10° vp per muscle; total 10'° vp per mouse).

2.3. Isolation of Mononuclear Cells. The inguinal lymph nodes
and mesenteric lymph nodes were dissected and pressed
through a 70 um cell strainer. The cells were washed with
FACS buffer (2% FCS, 0.02% sodium azide in PBS).

2.4. DNA Isolation and qPCR. Total DNA was isolated
from whole tissues using a DNeasy Blood & Tissue Kit
(QIAGEN). Quantitative PCR was performed with Tag-
man Fast Universal PCR Master Mix (Applied Biosystems)
using an Applied Biosystem StepOnePlus Real-Time PCR
System. Absolute quantities were calculated using standard
curves. The copy numbers of each gene were normalized
with those of GAPDH. The primer sequences in this study
are Gapdh forward, 5'-CAATGTGTCCGTCGTGGATCT-
3'; Gapdh reverse, 5'-GTCCTCAGTGTAGCCCAAGATG-
3'; Ad B4 forward, 5'-GGGATCGTCTACCTCCTTTTGA-
3'; Ad E4 reverse, 5 -GGGCAGCAGCGGATGAT-3'.
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FiGure 1: The tissue distribution of Adv following i.m. Adv vaccina-
tion, At 8 hours after the i.m. vaccination of 10" vp of Ad-LacZ, the
tissue distribution of Adv was determined by the absolute quantity
of Ad E4 gene in each tissue, normalized by the copy number of
GAPDH. The graphs represent the relative Ad genome copy number
in each tissue normalized by that of the small intestine. Data are
shown as the means + S.EM. (n = 3). iLN, inguinal lymph node;
SP, spleen; MLN, mesenteric lymph node; PP, Peyer’s patch; SI, small
intestine.

2.5. RNA Isolation and RT-PCR. Total RNA was isolated
from mononuclear cells using ISOGEN (Nippon Gene).
¢DNA was synthesized using 400ng of total RNA with a
Superscript VILO ¢cDNA Synthesis Kit (Invitrogen) accord-
ing to the manufacturer’s instructions. Quantitative RT-
PCR was performed with THUNDERBIRD qPCR Mix
(TOYOBO) using an Applied Biosystem StepOnePlus Real-
Time PCR System. Relative expression was calculated using
the AAC; method. The mRNA level of each gene was nor-
malized with that of B-actin. The primer sequences used in
this study are Actb forward, 5'-GGCTGTATTCCCCTCCA-
TCG-3'; Actb reverse, 5 -CCAGTTGGTAACAATGCCAT-
GT-3'; Ifna forward, 5'-CTTCCACAGGATCACTGTGT-
ACCT-3'; Ifuna reverse, 5 -TTCTGCTCTGACCACCTCCC-
3'; Ifub forward, 5'-CTGGAGCAGCTGAATGGAAAG-
3'; Ifub reverse, 5'-CTTCTCCGTCATCTCCATAGGG-3';
Mb21d]1 forward, 5'-AGGAAGCCCTGCTGTAACACTTC-
T-3'; Mb21d] reverse, 5'-AGCCAGCCTTGAATAGGTAG-
TCCT-3; TIr9 forward, 5'-ATGGTTCTCCGTCGAAG-
GACT-3'; Tlr9 reverse, 5’ -GAGGCTTCAGCTCACAGGG-
3'; Ddx4l forward, 5’ -AGTCCGCCAAGGAAAAGCAA-3';
Ddx41 reverse, 5'-CTCAGACATGCTCAGGACATAAC-
3'; 11b forward, 5'-GCAGCAGCACATCAACAAG-3'; Il1b
reverse, 5 -CGGGAAAGACACAGGTAGC-3'; Tufa forward,
5'-CCCTCACACTCAGATCATCTTCT-3'; Tnfa reverse, 5 -
GCTACGACGTGGGCTACAG-3'.

2.6. Flow Cytometry. The antimouse antibodies used in this
study were purchased from eBioscience (PE-Cy7-CD3¢ (145-
2C11)) and BioLegend (FITC-CD4 (GK1.5), APC-Cy7-CD8«
(53-6.7), Pacific Blue-CD69 (H1.2F3)). Flow cytometry anal-
ysis was performed using a fluorescence-activated cell sorting
(FACS) LSR Fortessa flow cytometer and BD FACSDiva
software (BD Bioscience). Dead cells were excluded by 7-
amino-actinomycin D staining (eBioscience).

2.7, Statistics. All results are shown as the mean + standard
error of the mean. Statistical significance was analyzed by the
One-way ANOVA among groups.

3. Results

3.1. Adv Was Mainly Distributed to the Inguinal Lymph Nodes
Sollowingi.m. Adv Vaccination. Innate immune responses are
elicited within several hours after i.m. Adv vaccination. To
reveal the sites where Adv induces the responses, we first
examined Ad genome copy numbers in each tissue at 8 hours
after im. Adv vaccination. Adv was mainly distributed to
the muscles and inguinal lymph nodes (iLNs), the DLNs of
the vaccination site (Figure 1). On the other hand, Adv was
barely distributed to mesenteric lymph node (MLN), which
is important for gut mucosal immunity. The distributions of
Adv in the liver, spleen (SP), Peyer’s patches (PP), and small
intestine (SI) were similar to those in the MLN. These results
suggested that Adv should induce innate immune responses
in the iLNs.

3.2. Type I IFN Signaling Enhances the Expression of Innate
Immune Cytokines and DNA Sensors in the Draining Lymph
Nodes. Next, to reveal the roles of type I IFN signaling in the
induction of gut mucosal CTLs, we examined the expression
of innate immune cytokines and interferon-stimulated genes
(ISGs) in iLNs and MLN by using type I IFN receptor
knockout (IFNAR2 KO) mice, which have defects in immune

“responses to viruses and double-stranded DNA. In Adv-

administrated WT mice, the expression of I[FN-« and IFN-
3 was upregulated in the iLNs, where Adv was mainly
distributed at this time point (Figure 2(a)). Moreover, in
Adv-administrated WT mice, the expression of IL-18 and
TNF-¢ tended to be upregulated in the iLNs (Figure 2(a)).
On the other hand, the expression of these cytokines was
not upregulated in the MLN, where Adv was barely dis-
tributed. Similarly, the expression of cGAS, a representative
ISG, that is, encoded by Mb21dl [25], was upregulated
in the iLNs (Figure 2(b)). However, in Adv-administrated
IFNAR2 KO mice, the expression of IFN-«, IFN-f, and
¢GAS in the iLNs was not upregulated following im. Adv
vaccination. In addition, in Adv-administrated IFNAR2 KO
mice, the expression of IL-18 and TNF-« in the iLNs was
lower than that in the iLNs of Adv-administrated WT
mice.

Since c¢GAS is one of the DNA sensors detecting Ad
genome [16], we next examined the expression of other DNA
sensors, TLR9 and DDX41, which are widely known for
sensing Ad genome {15, 26]. In Adv-administrated WT mice,
only the expression of TLR9 was upregulated in the iLNs
(Figure 2(c)). However, it was not upregulated in the iLNs of
Adv-administrated IFNAR2 KO mice. These data suggested
that type I IFN signaling enhances the expression of IFN-
«, IFN-B, ¢cGAS, and TLR9 in the iLNs, where much Adv is
distributed from the muscles. It is speculated that the lack
of type I IEN signaling in the innate immune responses at
the iLNs leads to the significant reduction of antigen-specific
CTLs in the gut mucosal compartment.
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3.3. Type I IFN Signaling Is Required for the Early Activation
of CTLs in iLNs. Since type 1 IFN signaling was not induced
in IFNAR2 KO mice following i.m. Adv vaccination, we
hypothesized that the early activation of T cells is not elicited
sufficiently in IFNAR2 KO mice. After antigenic stimulation,
T cells express a series of several activation markers, including
CD69, CD44, and CD25, dependent on the developmental
stages from naive to effector. To examine whether the type
I IFN signaling following i.m. Adv vaccination has an effect
on an early activation marker, CD69 [27, 28], on CD8" T
cells, we estimated the frequencies of CD69" cells in CD8*
T cells residing in the DLNs. In Adv-administrated WT
mice, the frequencies of CD69" cells in CD8" T cells in
the iLNs were increased, while those in the MLN were not.
However, in the case of Adv-administrated IFNAR2 KO mice,
the frequencies of CD69" cells in CD8" T cells in the iLNs
were significantly reduced compared with those of Adv-
administrated WT mice (Figure 3). Thus, these data correlate
with the results shown in Figure 2, in which the type I IFN
response was elicited at the iLNs and diminished in IFNAR2
KO mice. These results indicated that type I IEN signaling
induces the expression of CD69 on CD8" T cells in Adv-
administrated mice. Collectively, these data suggest that the
early activation of CD8" T cells via type I IFN signaling

promotes the induction and/or migration of gut mucosal Ag-
specific CTLs.

4. Discussion

In this study, we demonstrated that type I IFN signaling
following im. Adv vaccination promotes the expression
of IFN-a, IFN-f, and cGAS in the iLNs where Adv is
mainly distributed at this time point and strongly induces
the expression of CD69 on CD8" T cells in the iLNs. The
expression of type I IFN is amplified through IFNAR {29, 30].
Therefore, it is reasonable that the expression of type I IFN
is decreased in IFNAR2 KO mice. We observed that IFN-3
expression was more strongly induced by type I IFN signaling
than IFN-« expression. It has been reported that IFN-« is
mainly produced by plasmacytoid dendritic cells (pDCs),
while IFN-f is mainly produced by myeloid DCs (mDCs)
and mouse embryonic fibroblasts (MEFs) [17, 31, 32]. Hence,
it is speculated that type I IFN signaling contributes to IFN-
B production from DCs and fibroblasts in the iLNs, such as
stromal cells, following i.m. Adv vaccination. In addition, we
observed a significant reduction in TLR9 expression as well
as cGAS expression in IFNAR2 KO mice. ¢cGAS and TLR9
have been reported to be the DNA sensors responsible for the
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recognition of adenoviral DNA leading to the induction of
type I TFN production [15, 16]. It is speculated that type I IFN
signaling promotes the detection of Adv by cGAS and TLRY
and amplifies their signaling in vivo.

Recently, Weerd et al. revealed that IFN-f binds to the
low-affinity component of IFNAR, IFNAR], in the absence
of IFNAR2 [33]. Moreover, IFNARI-IFN- 3 complex activates
unique intracellular signaling. However, in our study, we did
not observe such phenomenon in IFNAR2 KO mice. For
example, Weerd et al. showed that in IFNAR2 KO peritoneal
exudate cells (PECs), IL-1f3 expression was upregulated 13.5-
fold by IFN- 8 compared to nontreated IFNAR2 KO PECs. On
the other hand, in our study, IL-1§ expression in the iLNs
of Adv-administrated IFNAR2 KO mice was upregulated
just only 1.42-fold as much as that of PBS-administrated
IFNAR2 KO mice (Figure 2(a)). Thus, it is speculated that
the level of IFN-f in our study would be much lower than
that in their study and the IFN-f signaling in our study
would be transmitted via IFNAR2, which is the high-affinity
component of IFNAR.

We observed a significant reduction of CD69 expression
on CD8" T cells in the iLNs of IFNAR2 KO mice following
im. Adv vaccination. Our results are consistent with a
previous report that the expression of CD69 is strongly
induced by type 1 IFN [34, 35]. CD69 inhibits egress of T cells
from the spleen and secondary lymphoid tissues during T cell
maturation [35]. It is speculated that the reduction of CD69
expression in IFNAR2 KO mice induces egress of CD8" T
cells from the iLNs in the early stage of T cell maturation.
In consequence, activated CD8" T cells in the iLNs fail to

mature sufficiently, and thus, these cells do not acquire a
gut-homing capacity. Moreover, Alari-Pahissa et al. recently
reported that CD69 does not affect CD8" T cell priming
following Ag-expressing vaccinia virus vector immunization
[36]. Considering our previous finding that systemic Ag-
specific CTLs are induced in IFNAR2 KO mice following i.m.
Adv vaccination as similar as WT mice [8], it is likely that
the reduction of CD69 expression on CD8” T cells does not
alter CD8" T cell priming. For these reasons, it is suggested
that type I IFN signaling-induced CD69 expression on CD8"
T cells might regulate Ag-specific CTLs in the gut mucosal
compartment.

In summary, we have shown the molecular mechanism
of the induction of gut mucosal CTLs following i.m. Adv
vaccination. We found that type I IFN signaling is required
for the production of large amounts of type I IFN and
the upregulation of CD69 on CD8" T cells in the iLNs.
Our findings should contribute to the development of more
efficient and safer mucosal vaccines and adjuvants.
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Introduction

Despite the vast malaria burden no effective malaria vaccine
exists [1,2]. The development of malaria vaccines has mainly
focused on Plasmodium falciparum, the most deadly of five Plasmodium
species that infect humans. Malaria vaccine development strategies
vary depending on the target stages of the parasite life cycle, i.e.
sporozoite, intra-hepatocytic stage, asexual erythrocyte stages,
gametocyte, and mosquito midgut stages. Asexual erythrocyte
stage antigens are thought to elicit antibodies which reduce blood
parasitemia and lessen the severity of malaria symptoms.
However, sequence polymorphism of many antigens, as observed
in several vaccine candidates such as merozoite surface protein
(MSP)-1, MSP-2 [3] and apical membrane antigen-1 (AMA-1) [4],

PLOS ONE | www.plosone.org

hamper the systematic vaccine development strategy based on host
immune responses against malaria parasites.

P. falesparum serine repeat antigen 5 (PSERAS5) is one of the
candidate vaccines in human trial [5-7]. Abundantly expressed in
the parasitophorous vacuole and on the merozoite surface, and
belonging to the SERA protein family, the 120 kDa protein is
processed into 47, 50, 6 and 18 kDa domains at the time of
schizont rupture. While the 50 and 6 kDa domains are secreted,
the 47 and 18 kDa domains are covalently linked by disulfide
bond(s) and remain on the merozoite surface [7-9]. P/SERA5 was
the first physiological substrate identified for P. falciparum subtilisin-
like serine protease (P/SUBI) [10].

Sequence analysis of 445 P. falciparum field isolates from nine
countries worldwide revealed that sequence polymorphism of

June 2014 | Volume 9 | Issue 6 | 98460
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PSERAS is remarkably limited unlike other malaria vaccine
candidates [11]. Morcover, high antibody level against the N-
terminal 47 kDa domain corrclated with the absence of fever or
low parasiternia [5,12,13]. Under i vitro conditions, antibodies
against the N-terminal domain were also suggested to correlate
with antiparasitic effeets through several mechanisms. At high
antibody concentration, inhibition of parasite growth was found to
be associated with merozoite agglutination [14] or complement
mediated cell lysis of segmented schizont [15]. At low antibody
concentrations, monocyte-mediated antibody dependent ccllular
inhibition (ADCI) activity has been demonstrated {16].

SE36 is based on the N-terminal 47 kDa domain constructed by
removing the polyserine region located in the middle of the
domain [5]. A recent phase 1 b clinical trial and follow-up study
365 days post-sccond vaccination elicited 72% protective efficacy
against symptomatic malaria in Ugandan children aged 6-20
years [6]. Although the exact function of PSERAS remains
unknown, a parasite inhibitory cpitope defined by a murine
monoclonal antibody was mapped onto amino acids 17-73 of the
Honduras-1 strain, a well conserved region in diverse geographical
isolates of £. jaleiparum [17,18].

Intrinsically unstructured proteing (IUPs), also called intrinsi-
cally disordered proteins or natively unfolded proteins, have for
the past 1020 years generated interest because of their unusual
way to carry out molecular recognition different from traditional
protein structure-function paradigms. IUPs contain polypeptide
chains lacking stable tertiary structure when they exist alone,
however, some of them are known to switch to more ordered
conformation upon recognition of their binding partners and play
their biological roles [19,20].

PSERA5 (17-73) has an octamer repeat (OR) region and a
serine rich (SR) region. The repeat number of octamer motifs
varies depending on strains but the basic motif sequences are well
conserved in P. falciparum [11]. These OR and SR regions have
biased amino acid composition and are low complexity regions
with litde diversity in their amino acids [21]. Low complexity
regions arc often found in Plasmodium specics and, due to lack of
hydrophobic amino acids, such regions are expected to be
mtrinsically unstructured [22]. P. falciparum proteins, such as
MSP-2 and trophozoite exported protein 1 (Texl), are reported to
have intrinsically unstructured regions (IURs) [23-25]. P27A, an
IUR found in Tex-1, was well recognized by sera from individuals
living in malaria endemic areas. Moreover, murine antibodies
purified from P27A immunized mice showed high ADCI activities
[24]. Immunogenicity of IUR in naturally infected humans was
also reported for P. vivax AMA-1 [26].

In the present study, we performed epitope mapping with
overlapping synthetic peptides covering the whole sequence of
SE36 utilizing serum from Ugandan volunteers, and serum from
previously vaccinated mice and squirrel monkeys. We identified
the N-terminal repetitive sequence regions of SE36 as immuno-
dominant IgG epitopes in Ugandan individuals presumed to have
clinical immunity to P. falciparum malaria. We have demonstrated
previously that antibodies raised against N-terminal region of
PSERAS strongly inhibit in witro parasite growth by ADCI at
concentrations which do not show any detectable direct inhibition
of growth [16], thus we used this assay as a screen for functional
inhibition activity of anti-SE36 IgG. Affinity purified antibodies
against N-terminal repetitive sequence regions of SE36 showed
high ADCI activities suggesting that the regions are protective
epitopes. Additionally, the OR and SR regions are revealed to be
intrinsically unstructured by spectroscopic methods and protein
structure predictions. These results show that the N-terminal
repetitive  sequences have characteristics of an intrinsically
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unstructured region and are highly immunogenic in Ugandan
adults cliciting protective antibodies against malaria,

Materials and Methods

Ethics Statement

Serum samples from pool of individuals living in endemic arcas
and individual Ugandan serum samples were from participants in
an carlier epidemiological study [9]. Briefly, the study utilizes
residual samples from a cross-sectional study of 40 (37 scra are
available for this study) healthy Ugandan adults living in Atopi
Parish, a malaria holoendemic area, located 5 km west of Apac
Town, 300 km north of Kampala, Ethical clearance for sampling
and consent was obtained and approved by the Uganda National
Council for Science and Technology under the 1997 Guidelines
for Health Research Involving Human Subjects in Uganda [9]. In
agreement with the local community leadership, a process of
dialogue was done. Information about the study was given to the
head of the community, houschold and study participants. Verbal
consent was obtained for voluntary participation and for blood
samples to be taken and stored for use in future studies. It was
deemed culturally-sensitive in this community that experienced
recent government conflict that verbal informed consent be sought
(written consent were not practiced, disliked and viewed as
mistrust). Being a cross-sectional study, signatures will also be the
only record of their participation and risk of privacy is minimized
if their signature is not recorded. No other records exist for their
participation. Blood samples were coded during blood collection,
processed within a few hours afier collection and separated into
sera, which was stored at —20°C and —70°C untl analyses.

Animal housing, care and handling of squirrel monkeys were
done in strict compliance with ““The guidelines for the care and
use of laboratory animals™ by the University of Tokyo [5]. Briefly,
male squirrel monkeys (Saimiri sciureus) of Guyana phenotype were
bred in captivity. The monkeys were quarantined and conditioned
for at least a month prior to the commencement of the study.
Thorough medical examinations revealed that the animals were
free of all intestinal and any blood stage infections including
malaria, and they were declared to be in a general good health by
a veterinarian. They were housed in the Amami Laboratory of
Injurious Animals, Institute of Medical Science, University of
Tokyo in individual safety cabinets with an exercise bar at a
controlled cnvironment of 24%2°C and 50%10% humidity.
Monkeys were fed with new world monkey chow (Clea Japan
Inc., Tokyo, Japan) and allowed free access to water. Lighting was
automatically regulated on a 12 hours light-dark cycle. The
monkeys, weighing between 680 and 760 g at the beginning of the
experiment, were divided into two treatment groups that received
their intramuscular injection on the left thigh 5 and 3 weeks before
challenge infection. All procedures were performed under
anesthesia and all efforts were made to minimize suffering. All
cxperimental procedures were approved by the School of
Agriculture and Life Sciences, the University of Tokyo. Additional
details of animal welfare/care and steps taken to ameliorate
suffering were in accordance with the recommendations of the
Weatherall report, “The use of non-human primates in research”.
During the study no monkey died or was sacrificed.

Animal experiments using mice were approved by the Animal
Care and Use Committee of the Research Institute for Microbial
Diseases, Osaka University, Japan. Mice care and steps to
ameliorate suffering was conducted in accordance with the
guidelines of the committeec and immunization experiments were
in accordance with the GERBU adjuvant protocol described
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below (GERBU Biotechnik GmbH, Heidelberg, Germany).
During the study, no mice were sacrificed.

Animal Blood Samples

Residual serum samples from squirrel monkeys (Saimiri sciureus)
that received 50 pg SE36 protein with 500 pg aluminum
hydroxide gel in 0.5 ml of PBS and those in the control group
that received the same volume of PBS by intra-muscular injection
were utilized [5]. In brief, after 2 or 3 immunizations, these
monkeys were followed through after P. faliparum challenge
infection [5]. For mouse immunization, 30 ddY mice were
purchased from Japan SLC, Inc. (Hamamatsu, Japan). Each
mouse was subcutaneously immunized with 50 pl of 1 mg/ml
SE36 protein and 50 wl GERBU adjuvant (100 pl in total) 4 times
at 2-week intervals. Two weeks after last immunization, blood
draw was performed from the mouse tail and blood samples from
the mice were pooled for the experiments.

Recombinant SE36 Protein
GMP grade SE36 protein was expressed in E. ot using a codon
optimized synthetic gene and purified as previously described [3].

Synthetic Peptides

Fifteen synthetic peptides of 40—42 residues covering the whole
sequence of SE36 protein were synthesized by Operon Biotech-
nology Inc. (Tokyo, Japan) (Fig. 1 and Table S1, series I). Each
peptide was designed to overlap with two adjacent peptides at its
N- and C-terminal halves, respectively.

Enzyme-Linked Immunosorbent Assay

Enzyme-linked immunosorbent assay (ELISA) was performed
using flat-bottomed 96-well Nunc-Immuno plates (Nunc, Roskilde,
Denmark). SE36 protein or the synthetic peptides were dissolved
in carbonate buffer (pH 9.6) as coating buffer at a concentration of
0.1 pg/ml. For ELISA assays of synthetic peptides, each plate was
coated with the whole peptide series. The plates were coated
overnight at 4°C with 100 pl of the protein or peptide solutions,
washed three times with PBS containing 0.05% Tween 20 (PBS/
T) and blocked for an hour with 5% skim milk in PBS at 37°C.
The plates were again washed three times with PBS/T prior to
addition of serum samples or purified IgG prepared in 5% skim
milk in PBS/T. Test samples were added to wells at optimized
concentration and incubated for an hour at 37°C. After washing
with PBS/T, peroxidase-conjugated goat IgG fraction to human
IgG (whole molecule) (55220; Cappel ICN Pharmaceuticals Inc,
Aurora, OH) diluted 1:2000; or horseradish peroxidase-conjugat-
ed rabbit anti-human IgG antibody (A8792; Sigma-Aldrich Corp.,
St. Louis, MO) diluted 1:2000; or peroxidase conjugated
affiniPure goat anti-mouse IgG antibody (H+L) (115-035-166;
Jackson ImmunoResearch Laboratories, Inc., West Grove, PA)
diluted 1:5000 in 5% skim milk in PBS/T was added to the plates
and incubated at 37°C for 1 hour. The plates were washed and
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incubated with 100 pl freshly prepared citrate-phosphate buffer
(pH 5.0) containing 0.2% hydrogen peroxide and OPD tablet
(154-01673; Sigma-Aldrich Corp., St. Louis, MO) for 15 minutes.
The reaction was stopped with 100 pl of 2 M sulfuric acid and
optical density was read at 492 nm.

Purification of Antibodies

To prepare anti-OR and anti-SR  antibodies for ADCI
experiments, the antibodies were purified from Ugandan high
antibody titer serum pool (SE36-positive serum pool) [9]. Prior to

- the purification of antibodies specific to the OR or SR region,

whole antibodies were purified from the serum pool with HiTrap
Protein G HP columns (GE Healthcare UK Ltd, Buckingham-
shire, UK). Antibodies purified by Protein G columns were then
loaded to either OR or SR-specific peptide columns. The OR/SR
peptide columns were prepared with SulfoLink Immobilization
Kit for Peptides (Thermo Fisher Scientific, Waltham, MA), so that
OR/SR peptides with cysteine residues at the N-termini (series II
peptides 1 and 3, Table S2) were immobilized to the columns via
thiol groups, following recommendations of the manufacturer.
Antibodies bound to the columns were eluted with 0.1 M Gly-HCI
at pH 2.7 and immediately neutralized with 1 M Tris-HCI at
pH 8.5.

Murine serum pool from SE36-vaccinated mice was used to
purify the antibody against the whole SE36 molecule. However,
due to limited sample volume, after applying to Protein G column
no further purification was done. All antibodies were dialyzed
against RPMI 1640 (Nakalai Tesque, Kyoto, Japan) prior to
ADCI assays.

Antibody-Dependent Cellular Inhibition Assay (ADCI) and
Assessment of Parasitemia by Flow Cytometry

The ADCI assay was as previously described [27,28] and
carried out with either (i) human IgG purified with protein G and
then affinity purified for specific peptides; or (ii) protein G purified
IgG from mice immunized with SE36. Final concentration of IgG
was at 0.3 mg/ml. As a positive control, a pool of hyperimmune
African adults IgG (PIAG) [27] was used at 2 mg/ml to assess
reproducibility between each assay. Monocytes (MN) from
peripheral blood mononuclear cells were further enriched using
EasySep Human Monocyte Enrichment Kit Without CD16
Depletion according to manufacturer’s instruction (StemCell
Technologies Inc., Vancouver, BC, Canada). Monocyte mono-
layer was obtained after incubation of 2x10°> MN for 30 minutes
at 37°C in 5% CO, atmosphere. A synchronized asexual blood
stage parasite culture (K1 clone) with very mature schizonts (0.5%
parasitemia, 2.5% haematocrit) was added on the MN monolayer
in addition to murine and human IgG to be tested. Intrinsic anti-
parasitic effect of control and test IgG sera was assessed in wells
containing the blood stage parasites without MIN. Prior to ADCI
assay, only MN with non-significant phagocytosis effect against
vitro growth of asexual blood stage parasites were selected. Samples
were tested in duplicate wells. Plates were incubated in a candle jar

178 334
SE36
ide 1 4 7 10 13
Peptide 2 5 8 11 14
series 3 6 9 12 15

Figure 1. Schematic representation of synthetic peptide series | covering the whole sequence of SE36 protein. The number 178
denotes the position of polyserine sequence present in PfSERAS5 but deleted in SE36 [5].

doi:10.1371/journal.pone.0098460.g001
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at 37°C, in a 5% CO; incubator, At 48 and 72 hours, 50 ul of
complete medium was added to cach well. At 96 hours the assay
was stopped and the parasitemia determined by flow cytometry
(FACSCalibur, BD Biosciences, CA). Assays were performed at
the same day by two independent researchers.

Flow cytometry enumeration of infected erythrocytes with
viable malaria parasites was performed by double staining of DNA
and RNA using hydrocthidine (HE) and thiazole orange (T'O)
(Sigma-Aldrich Corp.). Bricfly, erythrocytes were incubated for
20 min at 37°C in the dark with 20 pg/ml of HE diluted in PBS-
1% FCS (FACS bufler), washed three times in FACS bulfler,
followed by another incubation for 30 min at room temperature in
the dark with TO diluted at 1:15000 in FACS bulfler. Analysis was
performed on 1x10° erythrocytes with the CellQuest Pro
software. Parasitemia was determined as the percentage of double
stained inflected erythrocytes among the whale crythrocyte
population. The specific growth inhibitory index (SGI) was
caleulated according to the following formula: SGI=100x[1-
(percent parasitemia with MN and test IgG/percent parasitemia
with test 1gG)/(percent parasiternia with MN and naive IgG/
percent parasitemia with naive IgG)]. An SGI effect was
considered as significant if yielding a value >30% [29).

Protein Structure Prediction

The amino acid sequences of the N-terminal domains of
LSERAI-9 (3D7) were aligned with Multiple Sequence Alignment
Tool version 1.1 (http://cib.cLocha.acjp/KYG/onlyalign. html)
[30] after deletion of N-terminal signal sequences predicted by
SignalP 3.0 [31]. Since PSERAS has no corresponding region,
amino acid sequence identity and similarity of relatively conserved
regions among FSERAI-7 and 9 were calculated based on Clustal
W alignment and similarity classification in NPS@server (htip://
npsa-pbil.ibep.(r/) [32,33]. Percentage “identity” and “strong
similarity” were calculated from the sum of the number of amino
acids (Table 1). For prediction of disordered/ordered structure,
the sequences were applied to Consensus Disorder Prediction (http://
protease.burnham.org/www/tools/html/disorder.html) [34]. Sec-
ondary structure prediction of SE36 was performed by Consensus
sccondary structure prediction in NPS@ server [33].

Circular Dichroism

Circular dichroism (CD) spectra were acquired with a J-820
spectropolarimeter (Jasco, Tokyo, Japan) at 5-37°C. Samples were
prepared at 0.2 mg/ml for SE36 or 0.1 mg/ml for peptides in
50 mM sodium phosphate and 150 mM NaCl with or without
40% 2,2,2-trifluorocthanol (TFE). Each spectrum is an average of
20-40 tmes measurements. The obtained data were converted
into mean residue ellipticity, [0]. Peptide concentrations were
determined using BCA Protein Assay Kit (Thermo Fisher
Scientific). For SE36, the concentration was determined from
absorbance at 280 nm using an extinction coeflicient calculated as
reported by Gill and von Hippel [5,35].

Tryptophan Fluorescence

Tryptophan fluorescence spectra were acquired with a ¥-7000
fluorescence spectrophotometer (Hitachi, Tokyo, Japan) at 25°C
with excitation wavelength at 295 nm and emission detection
wavelength between 300 to 450 nm. Samples were prepared at
0.2 mg/ml in 50 mM sodium phosphate and 150 mM NaCl with
or without 8 M urea.

PLOS ONE | www.plosone.org

Table 1. Amino acid sequence identity and similarity of the relatively conserved regions (brown bars in Fig. 5) in the N-terminal domain between SE36 (Honduras-1 SERAS) and
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Figure 2. Reactivity of pooled Ugandan serum samples and a vaccinated mouse serum pool against synthetic peptide series I. (A)
High, (B) medium-high, (C) medium-low, (D) low titer sera pool. Each pool consists of equal aliquots of 9-10 individual sera. The geometric mean
anti-SE36 IgG titers of the individual samples are in Table S2. The patterns of reactivity for 18 individual sera are shown in Fig. S2. Serum samples were
diluted 800-fold. Secondary antibody was peroxidase-conjugated goat IgG fraction to human IgG (whole molecule) (55220; Cappel ICN
Pharmaceuticals Inc, Aurora, OH) diluted 1:2000. (E) Pooled serum from five mice used at 1:1,600. Secondary antibody was peroxidase conjugated
affiniPure goat anti-mouse IgG antibody (H+L) (115-035-166; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) diluted 1:5000. All sera
were tested for ELISA at least four times. Error bars reflect standard deviation. Reactivity of malaria naive Japanese serum and naive mouse serum are

shown in Fig. S2.
doi:10.1371/journal.pone.0098460.g002

Results

Reactivity of Anti-SE36 Positive Ugandan Serum against
the Synthetic Peptides

To determine antigenic regions of SE36, overlapping synthetic
peptides corresponding to the N-terminal domain of BfSERAS5
(Honduras-1) were prepared (Fig. 1). Based on anti-SE36 IgG
levels (Table S2), four pools of high (9 individuals), medium-high (9
individuals), medium-low (9 individuals) and low (10 individuals)
titer sera were made and tested for reactivity with peptide series I
(Details are in Table S1). As shown in Fig. 2A, pooled high titer
sera predominantly reacted with peptides 1, 2 and 3. Peptides 1-3

PLOS ONE | www.plosone.org

correspond to the OR and SR regions. Looking at individual sera,
more than half of the individuals in the high titer group (or those
presumed to have clinical immunity to P. falciparum infection)
predominantly reacted with peptides 1, 2 and/or 3 (Fig. S2A-D,
F, G, I). Medium and low titer pooled sera (Fig. 2B-D), as well as
the Japanese naive control serum (Fig. S28), reacted poorly to
these peptides. In addition, two randomly chosen high titer
Ugandan serum samples (PRI and T69) were also examined with
another overlapping peptide set (Table S1, series II) which had a
different span in the SE36 protein (Fig. SIA, a set of 26 peptides
with 20-40 residues). Again, both high titer sera predominantly
reacted with peptides 1 and 2, with Ugandan T69 serum also
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Figure 3. Reactivity in squirrel monkeys. The reactivity of the serum samples from vaccinated (A-C) and non-vaccinated (D, E) squirrel monkeys
against the different peptides in Fig. 1 and Table S1 series I. Red and green bars represent samples before challenge infection and two weeks after
challenge infection, respectively. R57, R59-62 are subject codes for squirrel monkeys. Monkey serum were diluted 1:400; secondary antibody was
horseradish peroxidase-conjugated rabbit anti-human IgG antibody (A8792; Sigma-Aldrich Corp., St. Louis, MO) diluted 1:2000. Mean values from

duplicate ELISA with individual data points are shown.
d0i:10.1371/journal.pone.0098460.g003

showing reactivity to peptide 3 (Fig. S1B~1 and B~2). This is in
contrast to an SE36 vaccinated mouse serum pool that reacted
broadly with a number of regions/peptides as shown in Fig. 2E.
Reactivity to naive mouse serum is shown in Fig. S2T.

From Ugandan serum reactivity, it appears that the OR and SR
repetitive sequences in the N-terminal regions are highly antigenic
in Ugandan adults with high anti-SE36 antibody titers.

Reactivity of Vaccinated Squirrel Monkey Serum against
the Synthetic Peptides

We performed epitope mapping using serum samples obtained
previously from SE36 vaccinated squirrel monkeys. Sera from
those monkeys vaccinated with SE36 before and after P. falciparum
challenge infection were used. Before challenge infection, the
spectra of reactivity against the peptides were broad, similar to

PLOS ONE | www.plosone.org

vaccinated mouse serum pool. After challenge infection, some
reactivity was observed to the peptides corresponding to OR and
SR sequences (Fig. 3A-C). In contrast, monkeys in the control
group (without SE36 vaccination) did not show marked response
to the synthetic peptides even after challenge infection (Fig. 3D, E).
Thus, as earlier reported [5], without SE36 vaccination, no anti-
SE36 antibody can be induced despite challenge infection.
However, priming the host with SE36 vaccination resulted in a
boosting of immune response at the OR and SR sequences by
challenge infection. We cannot exclude the presence of other
protective epitopes outside the OR and SR sequences (located
downstream of the OR and SR sequences) since we did not
observe dominant reactivity against OR and/or SR sequences yet
all three vaccinated squirrel monkeys were protected from high
parasitemia [5].
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Figure 4. Antibody-dependent cellular inhibition activity with
affinity purified antibodies. In vitro parasite specific growth
inhibition (SGI) in the presence of human monocytes and human
affinity-purified anti-OR or anti-SR IgG or murine anti-SE36 IgG at
0.3 mg/ml. A pool of polyclonal immune African IgG from individuals
living in endemic areas was used as positive control at a final
concentration of 2 mg/ml. IgG purified from malaria naive human sera
was used as negative control and included in the formula for SGI
calculation as described in Materials and Methods. Mean values from
duplicate ELISA with individual data points are shown.
doi:10.1371/journal.pone.0098460.g004

Antibody-Dependent Cellular Inhibition (ADCI) Assay

with Affinity Purified Antibodies

To examine whether antibodies specific to OR and SR
sequences can exert any parasite growth inhibitory effect, we
conducted in vitro parasite growth inhibition assays with either
murine IgG induced by SE36 or affinity purified human natural
IgG specific to OR or SR regions in both direct and human
monocyte dependent ADCI assays (Fig. 4). The purified human
antibodies were tested for their selectivity and reactivity by ELISA
(Fig. S1C, D). No significant direct inhibitory effect was observed
in all tested IgG. In contrast, anti-parasitic ADCI activity was
strong using either induced murine anti-SE36 IgG or human IgG
affinity purified against the two synthetic peptides (OR or SR
peptide) (Fig. 4). It is noteworthy that these specific IgG
preparation used at final concentration of 0.3 mg/ml have a
similar growth inhibitory activity to a 2 mg/ml pool of polyclonal
immune African IgG previously used in passive transfer experi-

Unstructured Malaria Protective Epitopes in SERA5

ments of IgG to malaria patients [27,36]. These results indicate
that OR and SR regions are protective epitopes.

Structure Prediction and Physicochemical
Characterization of the N-Terminal Domain of SERA5

The structural features of both OR and SR sequences as well as
the other parts of SE36 protein (based on the SERA5 N-terminal
domain of the Honduras-1 strain) were examined using several
structure prediction servers. Consensus Disorder Prediction [34]
discriminated ordered and disordered regions in the sequence
(Fig. 5 and Fig. S3). The region from the N-terminal end to Asp-76
(Fig. 5) was predicted to be predominantly disordered. This region
corresponds to OR and SR sequences which were revealed as
protective epitopes inducing antibodies capable of parasite growth
inhibition. Other disordered regions identified were the polyserine
sequence and its N- and C-terminal adjacent regions (matching
series I peptides 7-9). All other parts in SE36 were predicted to be
ordered. Using the secondary structure prediction program in
NPS@ server [33], the assigned secondary structures matched the
ordered regions identified with Consensus Disorder Prediction
(Fig. 5). The predictions of ordered regions were further confirmed
by the fact that all cysteine residues could be aligned at the same
positions and high sequence identity and similarity could be
obtained in the relatively conserved region shown in Fig. 5 in all of
P/SERA family, suggesting a common tertiary structure among the
SERA family proteins (Table 1 and Fig. S3).

The synthetic peptides corresponding to OR and SR regions
were subjected to CD experiments to define their structural
characteristics. The peptide for the OR region did not show any
ability to form rigid, typical secondary structure even in the
presence of 40% TFE, an inducer and stabilizer for secondary
structure (Fig. 6A—C). The behavior of the SR peptide was similar
to OR peptide in the absence of TFE. However, with 40% TFE
and at lower temperature, the SR peptide showed spectral change
distinct from the OR peptide (Fig. 6D-F). Considering the low
complexity due to biased amino acid composition of the SR region
and the non-significant spectral change, an intrinsically unstruc-
tured nature of the region can be suggested. However, the
structure predictions also assigned short ordered structure on a
cluster of valines (VSTVSVSQ) in the SR region. These results
may suggest a possible role of this region for hydrophobic
interaction with other molecule(s).

The CD spectrum of the whole SE36 protein suggests an
ordered structure (Fig. 7A). The shoulders near 208 and 222 nm
suggest the existence of an o-helical structure. In the above

o TR >
MKNVIKCTGESQTGNTGGGQAGNTVGDOAGSTGGSPOGSTGASQPGSSEPSNPVSSGHSVST

Figure 5. Schematic summary of the sequence analyses of SE36 by structure prediction servers. The shaded amino acids were predicted
as ordered residues by the program, Consensus Disorder Prediction. The regions predicted as a-helix and B-structure by NPS@ are represented as
helices and arrows above the sequence, respectively. Amino acid denoted by a symbol “®"did not reach consensus. The bars in orange, green and brown
below the sequence denote OR region, SR region and relatively conserved regions among SERA family genes 1-7 and 9, respectively.

doi:10.1371/journal.pone.0098460.g005
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analysis, N-terminal domain of PSERAS, including SE36,
contains only one tryptophan residue that was predicted in an
ordered region (Fig. 5). Thercfore, tryptophan fluorescence spectra
provide a clue to assess the extent of formation of hydrophobic
cluster in recombinant SE36 protein. The spectrum of SE36
protein in the absence of denaturant showed a peak at 330—
340 nm, suggesting that the region around the tryptophan residuce
was located in relatively hydrophobic condition (Fig. 7B). The
peak of the spectrum shifted to ~350 nm and the intensity
increased upon the addition of 8 M urea. This spectral change
implies that fluorescence quenching component(s) such as a polar
residue and/or a disulfide bond existed near the tryptophan
residue in a non-denatured state. Results from CD and tryptophan
fluorescence experiments support that there are some driving
forces to form compact tertiary structure in the sequence of SE36.
The structure prediction and spectroscopic studies showed the
existence of both structured and unstructured parts in SE36 with
OR and SR epitopes belonging to unstructured parts.

Discussion

In this study, we first investigated which sequences in our SE36
vaccine candidate are predominantly recognized by sera from
malaria endemic areas. From the results of the epitope mapping
using the synthetic peptides, we identified N-terminal repetitive
sequences, OR and SR regions, as the dominant epitopes in SE36
protein in Ugandan high titer adult sera. In contrast, vaccination
of SE36 to mice or squirrel monkeys did not result in specific
induction of OR- and SR-biased antibodies. However, it is
interesting that the vaccinated monkeys increased the antibody

PLOS ONE | www.plosone.org

reactivity against OR and SR regions after challenge infection,
while non-vaccinated monkeys did not show any significant
response to SE36 cven after challenge infection. In malaria
endemic areas, as previously reported [5], the frequency of
individuals scropositive (or having high antibody titers) to SE36 is
not high cven in adults. Although the mechanism is unclear,
vaccination by SE36 led to induction in immune response to
SE36, including OR and SR regions after challenge infection in
squirrel monkeys. To examine the inhibitory effect of antibodies
against OR and SR dominant epitopes, we performed an ADCI
assay. The assay showed that the antibodies specific to both OR
and SR regions inhibited in vitro growth of asexual blood stage
parasites in cooperation with blood monocytes, suggesting that
these regions are indeed protective epitopes in SE36. ADCI has
been shown to require for specific inhibition of infected
erythrocytes cooperation between the Fc domain of cytophilic
1gG and the Fc-y receptors of monocytes [28,37]. The recognition
and subsequent activation likely induce the release of cytotoxic
mediators leading to parasite killing at the intra-erythrocytic level.
Although some parasites are indeed phagocytosed [28], this
indirect intra-erythrocytic effect is the main mode of action of
ADCI. What is generally observed in blood thin smears is the
presence of many picnotic or crisis forms of parasites at the end of
the assay [37].

The protective epitopes identified in this study are consistent
with our previous results using mouse antibodies, i.e., glutathione-
S-transferase-fused proteins containing the N-terminal regions
corresponding to OR and SR regions were recognized by parasite-
inhibitory antibodies [17,18]. However, the OR and SR regions
may not be the sole protective epitopes, since murine SE36 specific
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antibodies showed broad reactivity against different regions of
SE36 and correspondingly have comparable parasite inhibitory
effects at similar antibody concentrations (Fig. 2E and Fig. 4).
Squirrel monkeys vaccinated with the SE36 protein, likewise,
gained measurable protection without showing dominant OR and
SR specific antibodies [5]. Additionally, there are also some
individual samples (T65, TO28, T64, T68 and TOO08) that
showed reactivity to other peptide regions (Fig. 821, L, M, N, P).

We further characterized the physicochemical properties of OR
and SR protective epitopes. Structure prediction programs and
spectroscopic experiments indicated that the OR and SR regions
are predominantly disordered, referred to as IURs. IURs are
found in many eukaryotes, especially in apicomplexan parasites
including P. faleiparum [22]. The OR region consists of octamer
repeats with closely related sequence motifs and the number of
repeats largely differs among 445 field isolates [11]. All of the
octamer repeat sequences are similar and lack bulky hydrophobic
residues, suggesting that they all are intrinsically unstructured. The
sequence motif corresponding to the SR region, on the other
hand, is highly conserved although with slight variation in the
number of repeats.

One example of the biological function of IURSs is interaction of
transcription factors with nucleic acids [38,39]. The fly-casting
mechanism has been suggested as an advantage, allowing the
flexibility of IURs [40,41]. Since the OR region has strain-specific
octamer repeat numbers [11], the OR region may function to
interact with other molecule(s) without strict structural require-
ment which can be observed in a traditional enzyme-substrate
interaction. In contrast to the OR region, the tendency to form a
secondary structure at lower temperature with TFE (Fig. 6) and
the higher sequence conservation of SR region may reflect rigid
structure formation either by binding-coupled folding or more
strictly controlled interaction to other molecule(s).

There are a few reports which refer to the immunogenicity of
intrinsically unstructured regions [24,26,42]. Here, we found
strong antigenicity of OR and SR regions of P/SSERAS protein that
were found to be intrinsically unstructured. The antibodies
recognizing the unstructured peptides have strong antiparasitic
effect in an ADCI assay. The intrinsically unstructured charac-
teristic of the protective epitope(s) is an advantage for a vaccine
candidate. Some malaria antigens such as PICP-2.9 (a fusion
protein consisting of AMA-1 domain III and AMA-1 19 kDa C-
terminal domain fragment) are known to have conformational
epitopes which require strict stereo structure of antigens [43].

PLOS ONE | www.plosone.org

However, the protective epitopes of SE36 do not require strict
stereo structure. Even though the epitopes are unstructured and
flexible in free states, upon interacting with an antibody,
unstructured peptides would be fixed for antibody specific
interactions as shown in Fig. S1C.

Conclusions

We identified the epitopes targeted by biologically active
antibodies in the malaria vaccine candidate SE36 using sera from
people living in an endemic area, Uganda. The epitopes have
repetitive sequences and have characteristics of intrinsically
unstructured region. The polymorphism of the epitope regions is
limited and they do not require strict stereo structure to elicit
functional antibodies inhibiting i vire growth of asexual blood
stage parasites. These results support SE36 as a promising malaria
vaccine antigen.
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SUMMARY

Cerebral malaria is a complication of Plasmodium
falciparum infection characterized by sudden
coma, death, or neurodisability. Studies using a
mouse model of experimental cerebral malaria
(ECM) have indicated that blood-brain barrier
disruption and CD8 T cell recruitment contribute
to disease, but the spatiotemporal mechanisms
are poorly understood. We show by ultra-high-field
MRI and multiphoton microscopy that the olfactory
bulb is physically and functionally damaged (loss of
smell) by Plasmodium parasites during ECM. The
trabecular small capillaries comprising the olfactory
bulb show parasite accumulation and cell occlu-
sion followed by microbleeding, events associated
with high fever and cytokine storm. Specifically,
the olfactory upregulates chemokine CCL21, and
loss or functional blockade of its receptors CCR7
and CXCRS3 results in decreased CD8 T cell activa-
tion and recruitment, respectively, as well as
prolonged survival. Thus, early detection of olfac-
tion loss and blockade of pathological cell recruit-
ment may offer potential therapeutic strategies
for ECM.

INTRODUCTION

Cerebral malaria (CM) is a severe complication of malaria
infection in humans caused by P. falciparum parasites and
characterized by sudden clinical symptoms such as convul-
sions and coma with high rates of death or long-term disabil-
ities (Idro et al., 2010; Taylor et al., 2004). Early diagnosis of
CM is not easy, as it presents with nonspecific symptoms,
often resulting in the manifestation of disease at a time point
when CM ftreatment is less effective. Therefore, early, quick,
and cheap diagnosis of CM that allows timely interventions
has been needed.

A mouse model of CM using P. berghei ANKA (PbA) para-
sites (experimental cerebral malaria, ECM) has widely been
used to understand the pathogenesis of CM (Langhorne
et al, 2011). Although the brain is a privileged site that pre-
vents the entry of exogenous pathogens where tight endothe-
lial cells form the blood-brain barrier (BBB), ECM is believed to
result from multiple reasons such as BBB breakage, followed
by inflammatory responses and cell accumulation in the brain.
Indeed, a large number of studies suggest that various cells,
mostly leukocytes in high numbers, accumulate in the brain
vessels where infected red blood cells (iRBCs) and parasite-
specific pathogenic CD8 T cells crossprimed by CD8a+
dendritic cells (DCs) play a critical role in ECM pathogenesis
(Baptista et al., 2010; Haque et al, 2011 Howland et al,
2013; Lundie et al., 2008; McQuillan et al., 2011). Moreover,
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