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SUMMARY

Although whole-parasite vaccine strategies for ma-
laria infection have regained attention, theirimmuno-
logical mechanisms of action remain unclear. We
find that immunization of mice with a crude blood
stage extract of the malaria parasite Plasmodium
falciparum elicits parasite antigen-specific immune
responses via Toll-like receptor (TLR) 9 and that the
malarial heme-detoxification byproduct, hemozoin
(HZ), but not malarial DNA, produces a potent adju-
vant effect. Malarial and synthetic (s)HZ bound
TLR9 directly to induce conformational changes in
the receptor. The adjuvant effect of sHZ depended
on its method of synthesis and particle size. Although
natural HZ acts as a TLR9 ligand, the adjuvant
effects of synthetic HZ are independent of TLR9 or
the NLRP3-inflammasome but are dependent on
MyD88. The adjuvant function of sHZ was further
validated in a canine antiallergen vaccine model.
Thus, HZ can influence adaptive immune responses
to malaria infection and may have therapeutic value
in vaccine adjuvant development.

INTRODUCTION

Whole-microbe vaccines have been successful in preventing
and/or treating many infectious diseases, by harboring not only
protective antigens, but also “built-in” adjuvant components
capable of activating the innate immune system (Pulendran
and Ahmed, 2006; Ishii et al., 2008; Palm and Medzhitov,
2009). In the case of malaria, there is evidence that host protec-
tive immunity against blood stage malaria parasites can be
achieved in humans as well as in animal models following
whole-parasite vaccinations, although large numbers of para-

sites are required (Good, 2009; Doolan et al., 2009). Among
parasite-derived molecules, potentially protective antigens
have been investigated intensively for vaccine development
(Girard et al., 2007; Coppel, 2009). However, the adjuvant
components within blood stage parasites have not been
explored; likely adjuvant components include ligands for innate
immune receptors, such as Toll-like receptors (TLRs), NOD-like
receptors (NLRs), and RIG-I-like receptors (Stevenson and Riley,
2004; Coban et al., 2007a).

There are several candidate molecules in Plasmodium para-
sites that could act as adjuvant components (Schofield et al.,
2002; Pichyangkul et al., 2004; Krishnegowda et al., 2005;
Coban et al., 2005; Parroche et al., 2007; Seixas et al., 2009).
TLR2 and TLRS have been shown to mediate innate immune
system activation by GPI, a heat-labile fraction, and hemozoin
(HZ) and DNA derived from Plasmodium falciparum (Pf) (Krishne-
gowda et al., 2005; Pichyangkul et al., 2004; Coban et al., 2005;
Parroche et al., 2007); however, discrepancies among these
findings remain unresolved (Coban et al., 2007a). TLR9 has
also been proposed to play important roles in the pathogenesis
of cerebral malaria by recruiting immune cells into the brain
(Coban et al., 2007b; Griffith et al., 2007), or in that of severe ma-
laria owing to the induction of regulatory T cells and/or synergy
with interferon y (IFNy) signaling (Hisaeda et al., 2008; Franklin
et al., 2009), but this is also controversial with some reports sug-
gesting that this is not the case (Lepenies et al., 2008; Togbe
et al., 2007). In addition, recent reports suggest that uric acid
is released during malaria infection (Orengo et al., 2008), thereby
activating the innate immune system presumably via NLRs,
particularly NLRP3 (also known as NALP3) and its adaptor mole-
cule apoptosis-associated speck-like protein containing
a CARD domain (ASC), leading to caspase-1 activation (Franchi
et al., 2009).

We therefore investigated further whether TLRs, and TLR9 in
particular, as well as other innate immune receptors such as
NLRs, are involved in Pf~-mediated innate and adaptive immune
responses, and whether HZ plays any role in such adaptive
immune responses. We found that Pf whole-parasite crude
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Figure 1. Pf Crude Extract Contains an Adjuvant Element for Coadministered Malaria Antigens in a TLR9-Dependent Manner
(A-C) Serum anti-Pf crude extract-specific IgG (A) and IgG2c antibody responses (B) and IFNy from cultured spleen cells (C) were measured by ELISA at 3 weeks
after the intraperitoneal immunizations with Pf crude extract. See also Figure S1.

(D and E) Serum anti-Pf crude extract-IgG antibody responses of Nlirp3 / and Asc

/" mice. (E) shows levels only after prime immunization.

(F) Sera from WT and TIr9 / mice were analyzed for anti-Pf SERA5-specific IgG responses. The results shown are representative of at least two independent
experiments with three to five mice per group. (‘p < 0.05; mean levels of serum antibodies + standard deviation [SD]).

extracts elicit parasite antigen-specific adaptive immune
responses via TLR9, but not via NLRP3 or ASC. The malarial
product HZ showed a potent adjuvant effect without any require-
ment for DNA. Further analysis at the molecular and atomic
levels revealed that TLR9 binds to HZ directly and specifically,
in a manner that depends on particular motifs and amino acid
sequences, similar to its binding of CpG DNA, a well-known
TLRS ligand. A synthetic version of HZ also displayed a strong
adjuvant effect; however, its optimal response was quite variable
and dependent on its method of synthesis as well as its structural
appearance.

RESULTS

A Pf Crude Extract Contains a TLR9 Ligand as a Built-in
Adjuvant for Coadministered Malaria Antigens

To examine the possible adjuvant effects of whole parasites, we
prepared a large quantity of whole-parasite antigens by freeze-
thawing of Pf-infected red blood cells. The resulting extract,
designated the Pf crude extract, contained products from both
parasites and host red blood cells was immunized into mice.
Three weeks afterimmunization, without any additional adjuvant,
a significantly higher titer of serum Pf crude extract-specific
immunoglobin G (IgG) was detected compared with the titers
in naive mice and mice immunized with a normal red blood cell

extract, in a dose-dependent manner (Figure 1A and data not
shown). The antibody titers were 10 times higher after boost
immunizations (Figure 1D).

We subsequently examined whether the immunogenicity of
the whole-parasite vaccine was altered in the absence of
TLR9, because TLR9 has been shown to mediate innate immune
system activation by a heat-labile fraction, HZ and DNA derived
from Pf (Coban et al., 2007a). Accordingly, mice lacking TLR9
showed significantly lower serum IgG (mainly IgG2c) responses
and T-cell-specific IFNy levels than wild-type mice (Figures 1A~
1C). This TLR9-dependent adjuvant effect of whole-parasite
antigens was specific for the immunizing Pf antigens, such as
Pf SERAS5 and Pf MSP1 (Figure 1F and data not shown). TLR9-
dependent IgG responses were also observed for IgG2b and
IgG3, but not for IgG1 (see Figures S1A-S1C available online).
These data clearly demonstrate that Pf crude extract possesses
a TLR9 ligand as a built-in adjuvant for coadministered malaria
antigens.

The ASC-Inflammasome Is Not Involved in the Adjuvant
Effect of Pf Crude Extract

We next investigated whether the inflammasome and its compo-
nents were involved, given the fact that Plasmodium parasites
grown in erythrocytes increase the concentration of uric acid,
a known NLRP3 ligand that acts as a “danger signal” and
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Figure 2. Malarial DNA Has No Role in the Adjuvanticity of Pf Crude Extract
(A) Serum anti-Pf crude extract-specific IgG antibody responses after immunization with DNase-I-treated and DNase-I-untreated Pf crude extracts. (n = 5 mice

per group; mean + SD). See also Figure S2B.

(B) Specific binding of rTLR2 or rTLR9 proteins to the coated Pf crude extract measured by ELISA. See also Figure S2A.
(C and D) Specific binding of rTLRY protein to the coated DNase-I-treated or DNase-I-untreated Pf crude extract (C), or, to Pf DNA or DNase-I-treated Pf DNA (D).

See also Figure S2B.

activates the ASC-inflammasome (Orengo et al., 2008). More-
over, recent studies suggest that DNA from any living organism
may activate the ASC-inflammasome, independently of TLR9
(Muruve et al., 2008; Takeshita and Ishii, 2008), and that this
may be mediated by AIM2 (Roberts et al., 2009; Hornung
et al., 2009; Fernandes-Alnemri et al., 2009; Burckstummer
et al., 2009). However, neither ASC- nor NLRP3-deficient mice
showed any reduction in the adjuvant effect of Pf crude extract
(Figures 1D and 1E). These data suggest that the critical adjuvant
activity within Pf crude extract is mediated by TLR9, but not
ASC-inflammasome.

Pf DNA Is Not Involved in the Adjuvant Effect

of Pf Crude Extract

What components of the malaria parasite are responsible for the
TLR9-dependent adjuvant effect? Although immune recognition
of malarial HZ by TLR9 has been previously demonstrated
in vitro and in vivo (Coban et al., 2005), another study suggested
that HZ itself was immunologically inert, and that TLR9-depen-
dentimmune activation is instead caused by HZ-conjugated ma-
larial DNA (Parroche et al., 2007). To investigate whether Plas-
modium DNA is responsible for the TLR9-dependent adjuvant
effect of Pf crude extract, DNA was removed by DNase-| treat-
ment. To confirm that DNA was successfully removed from Pf
crude extract, we performed Pf typing polymerase chain reac-
tion (PCR) based on the nested PCR technique (Snounou
et al., 1993), and did not find a trace of PfDNA after DNase-
treatment (Figure S2B). After immunizations, we found that the
TLR9-dependent adjuvant effect of whole-parasite antigens
was not affected by DNase-| treatment (Figure 2A), suggesting
that DNA is not the TLR9-dependent adjuvant component of
Pf crude extract.

Aligand is defined as a molecule with affinity and specificity for
binding directly to a receptor. To examine such direct interac-
tions between TLR9 and Pf crude extract, we established an
enzyme-linked immunosorbent assay (ELISA)-based binding
assay. Both rTLR9 and rTLR2 showed specific interactions
with their cognate ligands (Figure S2A), confirming previous find-
ings (Rutz et al., 2004). When the Pf crude extract was tested for

binding to rTLR9 and rTLR2, we found that TLR9, and to a lesser
extent TLR2, interacted strongly and in a dose-dependent
manner with the Pf crude extract (Figure 2B), consistent with
the findings of a previous report (Parroche et al., 2007). However,
in sharp contrast with their findings, DNase-I treatment of the
Pf crude extract did not alter its interaction with rTLR9, while
the same DNase-| treatment abrogated TLR9 binding to Pf
genomic DNA (Figures 2C and 2D). Of note, in contrast to the
findings of Parroche et al., several attempts using nuclease treat-
ment of Pf crude extract with several nuclease sources, showed
either no effect on Pf crude extract binding to TLR9 or even
nonspecific binding to TLR9 protein (Figures S2B and data not
shown). Taken together, these data clearly demonstrate that
some component of the Pf crude extract acts as a TLR9 ligand,
mediates adaptive immune responses through TLR9, and
directly binds to rTLR9 in a specific manner, and that this inter-
action does not require or involve DNA.

Hemozoin Binds Specifically to and Changes the
Conformation of TLR9

After eliminating the possible involvement of genomic DNA in Pf
crude extract adjuvanticity, we next investigated the role of he-
mozoin as a possible adjuvant molecule in the Pf crude extract.
Given that it is not possible to deplete hemozoin from Pf crude
extract without denaturing the malarial antigens (Figure S2C),
and that using extensively purified natural PfHZ would always
be questioned on the basis of its purity, we used synthetic hemo-
zoin derived from a highly pure source and thought to be iden-
tical to natural HZ (Pagola et al., 2000). Competition assays
were then performed to investigate whether sHZ could block
the binding of TLR9 protein to Pf crude extract. TLR9 binding
to the coated Pf crude extract was measured in the presence
of sHZ, CpG DNA (another known TLR9 ligand) or monosodium
urate crystals (MSU). MSU crystals are insoluble immunostimu-
latory crystals that activate the innate immune system in a TLRO-
independent manner (Martinon et al., 2006), because they form
crystals that resemble sHZ in size and rod shape by surface
electron microscopy (Figure S2E). TLR9 binding to the Pf crude
extract was blocked by sHZ in a dose-dependent manner, as
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Figure 3. Synthetic Hemozoin Competes with Pf Crude Extract or CpG DNA for Binding to rTLR9 Protein
(A-C) Specific competition between the Pf crude extract and sHZ (A), CpG DNA (B) or MSU (C) was measured by ELISA.
(D-F) Conformational changes of rTLR9 protein were measured by CD in the presence and absence of sHZ (D), CpG DNA (E), or MSU (F). See also Figures S2C

and S2F. All experiments were repeated at least five times with similar results.

well as CpG DNA (Figures 3A and 3B). On the other hand, MSU
did not alter the binding of TLR9 to Pf crude extract (Figure 3C).
Latz et al. recently demonstrated that TLR9 protein changes its
conformation upon ligation (Latz et al., 2007). To monitor the
conformational changes in the rTLR9 protein accompanying
binding of its ligands, circular dichroism (CD) measurements
were performed. Specifically, the CD spectra of rTLR9 protein
were measured with or without the ligands at pH 5.5. The CD
spectra of rTLR9 were altered by CpG DNA and sHZ, but not

MSU, in a dose-dependent manner, characterized by remark-
able spectral changes with shifts of the zero crossing point
(Figures 3D-3F and Figure S2C). We also performed similar
studies with soluble hemin that showed similar pattern and
changed the conformation of rTLR9 as sHZ did, but not synthetic
dsRNA (poly I:C) (Figure S2F). Taken together, these results
demonstrate that sHZ can compete with Pf crude extract for
binding to rTLR9 and change its conformation in a similar manner
to CpG DNA.
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Figure 4. Peptide Regions in the Human TLR9 Sequence that Bind to Pf Crude Extract, Hemin, and CpG DNA
(A) Peptide sequences that are specific to human TLR9 extracellular domain and their binding to Pf crude extract, hemin and CpG DNA are investigated by ELISA.
(B) Binding of the peptides in which CysXXCys and Cys were respectively replaced with SerXXSer and Ser, as investigated by ELISA. Cys residues are labeled

red, Ser residues are green.

(C and D) Interaction of the peptide VGGNCRRCDH and its mutant to various concentrations of hemin (C) or CpG DNA (D), as investigated by NMR titration. See
also Figure S3. One-dimensional 'H spectra of the peptides were obtained upon the addition of hemin or CpG DNA, and they are shown overlapped.

Direct and Specific Interaction between Hemozoin and
TLR9 Observed at the Molecular and Atomic Levels

To further clarify the nature of the interaction between TLR9 and
HZ, short peptides containing unique sequences of the TLR9
extracellular domain (sequences that are specific to the TLR9
extracellular domain and not contained in the extracellular
domains of the other TLR family proteins) were synthesized
and screened to identify the binding site(s) for TLR9 ligands.
The peptides were subjected to ELISA-based binding assays
with various TLR9 ligands, namely, Pf crude extract, hemin
(a single unit of HZ) and CpG DNA (Figure 4A). Only four
peptides, all of which had unique CysXXCys or Cys motifs similar
to zinc finger motifs, bound to these ligands. Cysteine was
required for the binding of these peptides as revealed by the
same assays using mutant peptides (in which Cys was mutated
to Ser) for which the binding ability was completely abrogated
(Figure 4B). To analyze the binding sites in the peptides at an
atomic level, nuclear magnetic resonance (NMR) titration was

performed with peptides and CpG DNA and hemin. Using the
peptide VGGNCRRCDH, which had the highest binding to the
TLRS ligands (Figure 4A), and its mutant peptide, the concentra-
tion of hemin and CpG DNA was increased stepwise and the
spectral changes caused by hemin and CpG DNA were followed
for each, as shown in Figures S3A and S3B and in greater detail
in Figures 4C and 4D. Both hemin and CpG DNA shifted a peak at
a "H resonance frequency of 8.2 ppm and slightly shifted at 7.1
and 7.8 ppm; all peaks were broadened to a lower intensity,
upon addition of increasing concentrations of hemin, although
no significant broadening was observed for CpG DNA (Figures
4C and 4D). When we performed the same titration experiments
using the mutant peptides that lack Cys, we observed no such
shifts (Figures 4C and 4D), although a decrease in intensity still
remained upon increasing the concentration of hemin. These
results indicate that TLR9 binds both HZ and CpG DNA and
suggest that 4 cysteine residues may play an important role in
the interaction between TLR9 and its ligands.
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Figure 5. Adjuvanticity of Synthetic Hemozoin Crystals Depends on Their Size, with Smaller Crystals Showing a Better Adjuvant Effect

(A and B) FESEM images of sHZ synthesized by two different methods as described in Experimental Procedures. Scale bars, 500 nm.

(C) Serum OVA-specific IgG responses of C57B/6 mice s.c. immunized with OVA with or without sHZ purified by method 1 or method 2. See also Figure S4A-S4C.
(D) sHZ crystals produced by method 1 were size-differentiated using a laser-scattering particle size distribution analyzer.

(E) Mice were immunized to analyze the adjuvant effects of different sizes of sHZ (50-200 nm and 2-20 um) and hemin (<50 nm). See also Figure S7. Results are
representative of at least two independent experiments (mean + SD; n = 3-5 mice per group).

Hemozoin Acts as a Potent Adjuvant, and Its
Adjuvanticity Depends on Its Size

Is pure synthetic HZ a good adjuvant in vivo? Given the fact that
various hemin chloride sources and methods can be used to
synthesize sHZ, we first employed several production protocols
to investigate the adjuvant properties of sHZ (Egan, 2008) using
ultrapure hemin chloride. We found that two commonly used
methods for synthesizing sHZ from hemin chloride produced
crystals with a distinct appearance that differed in their adjuvant
effects. With one method, HZ polymerized in the presence of
acetic acid (method 1) and produced crystals that ranged in
diameter from 50 nm to 1 um, while the other method, involving
an organic base (method 2), produced crystals that ranged in
size from 1 to 5 um as visualized by field emission scanning elec-
tron microscopy (FESEM) (Figures 5A and 5B). When mice were
immunized with the model protein antigens ovalbumin (OVA) (or
in some cases human serum albumin [HSA]) in the presence or
absence of sHZ produced by method 1 or 2, the OVA-specific
total IgG responses were significantly higher with sHZ produced
by method 1 than with sHZ produced by method 2 (Figure 5C).
Interestingly, when we separated the HZ produced by method
1 into two size distributions using a laser-scattering particle
size distribution analyzer (Figure 5D), larger sHZ particles (up
to 20 um in size) were counted. It should be noted that sHZ crys-
tals tend to make aggregates that the larger HZ particles might
be attributed to the aggregation. Nevertheless, sHZ with sizes
between 50 and 200 nm had optimal adjuvant effects compared
with larger sHZ molecules (2-20 pm) and the smaller hemin
monomer (<50 nm) (Figure 5E). We also examined different
administration routes to investigate the adjuvant effects of sHZ

such as subcutaneous (s.c.) and intranasal (i.n.) routes, and
found that antigen-specific antibody responses were induced
in a dose-dependent manner (Figures S4A and S4B and Fig-
ure 6A). There were no detectable OVA-specific IFNy or inter-
leukin (IL)-17 production by spleen cells, but substantial
amounts of OVA-specific IL-13 and IL-5 were detected (Fig-
ure S4C). Analysis of the IgG isotypes elevated by sHZ
coadministration showed that mainly IgG1 isotypes were
elevated, followed by IgG2b and IgG2c, in mice (Figure 6B);
this response was very potent when compared with those
elicited by the adjuvants alum or CpG DNA (Figure 6C). On the
other hand, sHZ administration elevated mainly IgG1 responses,
while CpG DNA elevated mainly IgG2a (Figure S4D). Therefore,
sHZ is indeed a potent adjuvant for protein vaccines, with
optimal sizes of 20-200 nm, which coincide with the sizes of
other particle adjuvants taken up by antigen-presenting cells
via receptor-mediated endocytosis (McGee et al., 1997; Xiang
et al., 2006).

Synthetic Hemozoin’s Adjuvant Effect Is Mediated by
MyD88, but Not TLR9 or the Inflammasome/IL-1

We further investigated how the HZ adjuvant effect was regu-
lated. To examine whether the potent adjuvant effect of sHZ
was mediated by TLR9 and through MyD88, mice lacking
TLR9 and MyD88 were immunized with OVA plus sHZ. MyD88-
deficient mice failed to elicit a serum anti-OVA antibody titer
(Figure 6D). By contrast, however, TLR9-deficient mice showed
comparable anti-OVA titers to those in wild-type mice, suggest-
ing that there are distinct mechanisms for the adjuvant effects
of sHZ other than TLR9, any of which seem to culminate in
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Figure 6. Synthetic Hemozoin’s Potent Adjuvant Effect Is Mediated by MyD88 but Independently of TLR9 and the Inflammasome
(A and B) Mice were immunized with HSA and various concentrations of sHZ. Serum HSA-specific IgG (A) and IgG isotypes (B) were measured by ELISA

(mean = SD).

(C) Comparison of the adjuvant effects of alum, CpG DNA, and sHZ. Balb/c mice were immunized s.c. with OVA and alum (200 pg), CpG DNA (50 ug), and sHZ
(800 pg), and serum OVA-specific IgG responses were determined after boost immunizations by ELISA (mean + standard error; n = 3). *p < 0.05 compared with

OVA-alone group. See also Figure S4D.

(D-F) Serum OVA-specific IgG responses of Myd88 '~ and TIr9~'~ mice (D), Nirp3~'~ and Asc ™'~ mice (E), and IL1R~'~ mice (F) after boost immunizations were
determined by ELISA (**p < 0.01; mean + SD). Wild-type (n = 5-6); Myd88 / (n=6); TLR9 / (n=6);Nip3 ' (n=3);Asc ' (n=6)and/LTR ' (n=5). See also
Figures S5A-S5C and Figure S6. Experiments are representative of at least two independent experiments.

MyD88-dependent signals. We confirmed these findings by ob-
taining similar results with HSA (Figures S5A and S5B).

Particles like MSU crystals have recently been shown to be
recognized by NOD-like receptors (NLRP3 in the case of MSU)
and form large cytosolic complexes, collectively called the in-
flammasome. We were interested in clarifying whether the
adjuvanticity of sHZ, whose appearance resembles MSU
crystals (Figure 5A and Figure S2D), could involve the inflamma-
some. In the same set of OVA or HSA immunization protocols,
mice deficient in ASC or NLRP3 elicited normal antibody
responses (Figure 6E and Figure S5B) as well as IL1R-deficient
mice (Figure 6F and Figure S5C). These results suggest that
inflammasome/ IL-13 pathway have a minimal role in the
adjuvant effect of sHZ.

To examine whether sHZ-induced inflammation occurs in vivo,
we measured neutrophil recruitment. When sHZ was injected
intraperitoneally, significant numbers of neutrophils were re-
cruited into the peritoneum within 24 hr (Figure S6A), and the
neutrophil recruitment occurred normally in mice lacking either
ASC or TLR9 (Figure S6B). However, mice lacking MyD88 failed
to exhibit neutrophil recruitment in response to sHZ injection
(Figure S6A).

Synthetic Hemozoin Is a Potent Adjuvant for Malarial
Antigens as Well as for an Allergen

It has been previously shown that subclinical infection of healthy
human volunteers with red cells infected with Pf or immunization
of mice with a small number of dead parasites in the presence of
CpG DNA or alum can induce cellular immunity and protection
(Pombo et al., 2002; Good, 2009). To examine whether sHZ
would have a potent adjuvant effect on immunization with Pf
crude extract from a few parasites, we immunized mice s.c.
with 10 pg total Pf crude extract together with sHZ, boosted
twice, and measured anti-Pf crude extract specific antibody
responses. sHZ significantly improved IgG levels (mainly IgG2c
and IgG1) against Pf crude extract (Figure 7A and data not
shown).

To examine whether sHZ could be used in animal species
other than mice, we immunized Beagle dogs with house dust
mite allergen (Derf2) together with alum and sHZ, and boosted
that elevated 1gG2 type (but not IgG1) antibodies, which may
resemble Thi-like immune responses in dogs (Figure 7B and
7C) (Hou et al., 2006). Accordingly, Derf2-specific IgE responses
after Ag challenges were significantly reduced in sHZ coadminis-
tered dogs (Figure 7C). It is of note, however, that antibody
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responses elicited in mice were dominant with IgG1 isotype,
which was different from those in dogs (Figure S5D). These
data further suggest that sHZ may serve as a potent Th1-like
adjuvant, at least in the canine model, while it acts like a
Th2-dominant adjuvant in a murine model.

DISCUSSION

Malaria is still one of the leading pathogens, affecting 40% of the
world’s population and killing over one million people each year,
but a successful vaccine against it not yet available. Owing to the
failure of many clinical trials for recombinant vaccines, and
recent progress in our understanding of innate immune adjuvant
effect of microbial products (Kaisho and Akira, 2002), the whole-
parasite vaccine strategy has been regaining attention (Good,
2009; Doolan et al., 2009). Successful vaccination with erythro-
cytic parasites was achieved using powerful adjuvants,
such as CpG DNA (Su et al., 2003). We further demonstrated
that an increased dose of a crude extract of Pf parasites without
adjuvant successfully displayed strong immunogenicity, owing
to the enhanced “built-in adjuvant” activity of the parasite.
Surprisingly, this adjuvant effect was heavily dependent on
TLR9. Because this has been a matter of controversy, the
TLR9 ligand in malaria parasite was carefully analyzed again,
and we found that DNA is not required for this TLR9-mediated
adjuvant effect of the Pf crude extract (Figure 2). It is thus reason-
able to interpret that the built-in adjuvant in Pf crude extract is
a non-DNA TLR9 ligand, such as HZ and/or some other heat-
labile components as previously reported (Coban et al., 2005;
Pichyangkul et al., 2004).

HZ is a heme crystalline dimer generated by parasite digestion
of hemoglobin as a byproduct of the heme detoxification system
in malaria infection (Arese and Schwarzer, 1997; Hanscheid
etal., 2007). It has been proposed to play important roles in path-
ophysiology during malaria infection, because it activates
macrophages and dendritic cells to produce both proinflamma-
tory and anti-inflammatory cytokines and chemokines (Eng-
werda and Good, 2005; Keller et al., 2006; Hanscheid et al.,
2007; Coban et al., 2007a). Although immune recognition of
malarial HZ by TLR9 has been demonstrated in vitro and
in vivo (Coban et al., 2005), another study suggested that HZ
itself was immunologically inert, and that TLR9-dependent
immune activation is instead caused by HZ-conjugated malarial
DNA (Parroche et al., 2007).

Parroche et al. suggested that DNase-| treatment of Pf crude
extract did not remove Plasmodium DNA from PfHZ shown by
Pf-specific PCR (Parroche et al., 2007). When we performed
PCR by using the same Pf-specific primers, 205 bp PCR product
of Pf DNA was completely lost after DNase-l treatment
(Figure S2B). We further confirmed the absence of Pf DNA after
treatment of Pf crude extract by PCR using the other primers
(101 bp product) (data not shown). In vivo, this DNase-free Pf
crude extract displayed potent adjuvant activity via TLR9
(Figure 2A), strongly suggesting that the built-in adjuvant of
Pf crude extract is not DNA.

What in Pf crude extract would be a TLR9 ligand rather than Pf
DNA? We went on to reconfirm our previous finding that HZ is
a TLR9 ligand by examining the definition of a ligand for
a receptor, in which a ligand is to directly bind to a receptor in

a specific manner. TLRY binds directly both HZ and hemin,
and change its conformation following binding to HZ (Figure 3).
Moreover, competition for TLR9 binding occurs among Pf crude
extract, CpG DNA, and sHZ, further supporting the possibility
that HZ fulfills the definition of TLR9 ligand specificity. We also
identified the binding motifs in the extracellular domain of
TLR9, where cysteine residues play a crucial role in controlling
the binding to ligands including Pf crude extract, heme, and
CpG DNA (Figure 4). Taken together, these findings suggest
that the adjuvant component of erythrocytic stage Pf parasites
contains a TLR9 ligand, most likely HZ, but not DNA.

Involvement of the inflammasome pathways in inflammation
during malaria infection, as has been implicated by a recent
report (Orengo et al., 2008), was not apparent in the built-in adju-
vant effect of whole-parasite vaccination with erythrocytic stage
Pf crude extract (Figure 1). Consistently, the effect of synthetic
HZ was also independent of the NLRP3-ASC inflammasome,
as well as IL-1 receptor. It is of note that, while natural HZ in
the Pf crude extract acts mostly as a TLR9 ligand, sHZ has an
adjuvant effect independent of TLR9, but still utilizes the
MyD88-dependent pathway. One possible explanation for this
difference is that the uptake or ability to break the integrity of
phagosomal and/or endosomal membrane of natural and
synthetic HZ might differ given that the natural HZ is often
covered by Pf-derived lipid, protein, or nucleic acids, compared
with sHZ as a naked sharp crystal. Another explanation is that,
although natural HZ purified from Pf cultures is known to be iden-
tical to sHZ (Pagola et al., 2000), several purification protocols
give different crystal sizes ranging from 50 nm to 20 um, which
displayed quite different adjuvant activities (Figure 5). The
studies are under investigation to examine whether different
sizes of sHZ make distinct delivery and interaction with the
innate immune cells and their immmune receptors.

In addition, recent reports have suggested that immune recog-
nition of and inflammatory response by sHZ is mediated by
NLRP3 (Dostert et al., 2009; Griffith et al., 2009; Jaramillo
et al., 2009). Although all of these three reports showed that
IL-1B production by macrophages as well as neutrophil recruit-
ment in response to sHZ was reduced in mice lacking NLRP3,
precise mechanism of NLRP3-inflammasome activation are yet
unclear. Griffith et al. suggested that uric acid is induced by
sHZ and that the uric acid is the NLRP3 ligand (Griffith et al.,
2009), but Dostert et al. suggested that uric acid is not involved
in NLRP3 activation by sHZ (Dostert et al., 2009). Moreover, Jar-
amillo et al. showed elegantly that sHZ activates Lyn/Syk-medi-
ated intracellular signaling pathway at the upstream of NLRP3 or
ASC, indicating the existence of other HZ receptor(s) such as
Dectin1, TREM family members, Siglec, or DAP12 (Jaramillo
et al., 2009). Although the involvement of NLRP3 in sHZ-induced
IL-1B or the following inflammatory response may play an impor-
tantrole in pathogenesis of malaria infections, we clearly demon-
strate that NLRP3 as well as ASC, IL-1 receptor is not involved in
sHZ-adjuvant activity (Figure 6), suggesting that there may be
additional receptor(s) as well as pathway(s) for HZ-induced
innate and adaptive immune activations.

Finally we found that sHZ acts as a potent adjuvant only when
its synthesis method and size were optimized (Figure 5). This
adjuvant effect of HZ for protein vaccines was observed with
different model antigens, such as OVA and HSA, and via different
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Figure 7. Synthetic Hemozoin Could Be Used as Adjuvant for Whole-Blood Malaria Antigens and Against Canine Allergy
(A) WT mice were immunized s.c. with 10 ug Pf crude extract and sHZ and were boosted twice. Serum Pf crude extract-specific IgG responses were analyzed by

ELISA (mean + SD; n = 4 per group).

(B and C) ELISA serum anti-Derf2-specific IgG2, IgG1 (B), and IgE (C) responses of Beagle dogs immunized with Derf2 antigen formulated with or without alum
and alum + sHZ. See also Figure S5D. Experiments were repeated twice using four animals per group (**p < 0.01).

immunization routes, such as s.c. and i.n. immunization. It is of
note that unlike CpG DNA, which has species-specific activity,
HZ displayed its adjuvant effect in several animal models for
vaccines, including murine, canine and non-human primate
models (Figures 5-7, data not shown). In mice, a predominantly
IlgG1-dominant antibody adjuvant effect observed after HZ-ad-
juvanted immunization and T cell specific immune responses
were mainly IL-13 and IL-5, but not IFNy or IL-17, suggesting
that HZ elicits Th2-type immune responses in mice (Figures 5,
6, and S4). However, by contrast, dog immunization with HZ eli-
cited 1gG2-dominant antibody responses, which is considered
a Th1-type immune response (Reed and Scott, 1993). sHZ
administration in the dog-allergy model was nonetheless very
potent to reduce allergen-specific IgE responses (Figure 7), sug-
gesting successful usage of sHZ as an adjuvant in dogs against
allergy. Similarly, our data suggested that sHZ could be intro-
duced externally as an adjuvant to improve immunogenicity of
whole-malaria vaccines (Figure 7A). Our preliminary data also
suggest that, in non-human primates, sHZ could elevate malarial
antigen-specific B and T cell responses, and could be used as
a vaccine adjuvant for whole-blood stage vaccines (K.J.l.,
unpublished data). Overall, our results clearly show that HZ
possesses inflammatory and adjuvant activities through differ-
ential regulation by TLR9 pathways, thereby potentiating its
ability to act as a therapeutic target for treating malaria infection,
and its usefulness in vaccine adjuvant development.

EXPERIMENTAL PROCEDURES

Reagents

Hemin chloride was from Fluka (HPLC purified, >98% pure), whereas OVA and
HSA (low endotoxin) were from Sigma. A synthetic CoG DNA (D35) was from
Gene Design Incorporation. DNase-l was from Invitrogen. Zymosan was
from Invivogen. MSU crystals were prepared as described elsewhere (Marti-
non et al., 2006).

Mice and Immunizations

Mice deficient for MyD88, TLR9, Asc or Nirp3, and Asc on a C57BL/6 back-
ground were generated and used for experiments as described previously
(Coban et al., 2005; Franchi and Nunez, 2008). All animal experiments were

performed according to the institutional guidelines approved by the Research
Institute for Microbial Diseases and Immunology Frontier Research Center of
Osaka University and the University of Michigan.

Wild-type and TIr9~'~ mice were immunized intraperitoneally with the Pf
crude extract (100 pl, approximately ~1 x 10 parasites). Alternatively, mice
were immunized with a DNase-I-treated Pf crude extract. At 3 weeks after
immunization, antibodies against Pf crude extract antigens in the sera of
mice were detected by ELISA.

Various immunization schedules were conducted using either OVA or HSA
as antigens. For s.c. immunizations, mice were injected on day 0 with 50 ng
OVA (or 10 ug HSA) in a total of 200 ul sHZ solution at various concentrations
and boosted on day 10 with 25 pg OVA (or 10 pg HSA) in the same sHZ
solution. Blood samples were collected from the mice on day 17 for analysis
of OVA- or HSA-specific antibody responses. For i.n. immunizations, mice
were anesthetized and administered i.n. with 5 pg OVA with or without 80 ug
sHZ (15 ul/nose), twice, at 2-week intervals. The mice were sacrificed
10 days after the boost, and serum, bronchoalveolar lavage fluid, and nasal
fluid secretion samples were collected for antibody measurements.

Dogs and Allergy Model

Five-month-old Beagle dogs from the breeding colony at Zenoaq Animal
Experiment Center (Nippon Zenyaku Kogyo Co., Ltd., Fukushima, Japan)
were used. All immunization and sensitization protocols were performed in
accordance with the institutional guidelines of and approved by Zenoaq
Animal Center Laboratories Committee. Dogs were immunized s.c. on day
0 with 100 ug Derf2 protein produced in silkworms by a recombinant Baculo-
virus system, formulated in 500 pg aluminum hydroxide in a 200 pg sHZ solu-
tion, and boosted on day 14 with the same dose. Four weeks after the boost
immunization, dogs were challenged with Derf2 s.c. four times biweekly. Blood
samples were collected on days 7, 14, 21, and 28 for analysis of Derf2-specific
IgG1 and IgG2 antibody responses, and on day 90 for the measurement of
antigen-specific IgE responses.

Preparation of Pf Crude Extract, Natural HZ, Synthetic HZ,

and Pf DNA

Mycoplasma-free Pf parasites (3D7) were maintained in culture medium as
described previously (Aoki et al., 2002). After synchronization, mature and
HZ-rich mostly trophozoite and schizont stage parasites (~4%-5%) were puri-
fied by 63% Percoll density centrifugation, washed and resuspended in
incomplete medium, freeze-thawed three or four times, and stored at —80°C
until use. Each milliliter of HZ-rich Pf crude extract preparation contained
approximately 1 x 10° infected erythrocytes. As controls, uninfected human
erythrocytes were treated similarly. Pure natural HZ was extensively purified
from Pf-infected erythrocytes as described previously (Coban et al., 2005).
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sHZ was purified from hemin chloride using two alternative methods (Egan,
2008). Method 1 (acid-catalyzed method) is known to produce smaller and
homogenous crystals and was performed as previously described (Coban
et al., 2005; Jaramillo et al., 2005). Briefly, 45 mg hemin chloride was dissolved
in 4.5 ml 1 N NaOH and neutralized with 1 N HCI. Then, acetic acid was added
until the pH reached 4.8, at a constant temperature of 60°C with magnetic stir-
ring. The mixture was allowed to precipitate at room temperature overnight.
The precipitate was subjected to washes with 2% SDS-buffered with 0.1 M
sodium bicarbonate (pH 9.1) and subsequent extensive washes with 2%
SDS, and then six to eight washes with distilled water. Method 2 (anhydrous
method in methanol) is known to produce much bigger crystals and was per-
formed as previously described (Bohle et al., 2002). Briefly, hemin chloride
(52.2 mg) was dissolved completely in 2 ml 2,6-lutidine L, diluted with 10 ml
dimethyl sulfoxide:methanol (1:1 mixture), tightly wrapped with parafilm and
left at room temperature for 2 weeks in the dark, before being centrifuged
and washed with 10 ml 0.1 M NaHCO; for 3 hr. The final product was washed
three times with water and methanol, and dried. A stock solution in distilled
water was prepared for use in in vivo studies and stored at 4°C. The HZ
concentration was calculated as either mM or mg/ml after weighing the dried
amount of sHZ. Experiments were mostly performed with sHZ prepared by
method 1, except for the results shown in Figure 5B. All solutions were
prepared and resuspended in endotoxin-free water (double-processed tissue
culture water, Sigma-W3500) and stored in the dark at 4°C. There was no
detectable level of endotoxin by LAL assay in any HZ preparation. None of
the sHZ purified had any other contaminants, such as hemin, as determined
by TLC (Figure S7A) or protein/DNA determined by SDS-PAGE at pH 11 and
agarose gel, respectively (data not shown). FT-IR and powder X-ray diffraction
pattern of the sHZ confirmed that the sample showed the same unit cell
parameters as reported previously (Pagola et al., 2000) (Figures S7B and
S7C). Pf genomic DNA was isolated as reported previously (Kongkasuriyachai
et al., 2004).

Recombinant TLR Proteins and Peptides

Recombinant fusion proteins consisting of the extracellular domains of the
human TLRs TLR9 (amino acids 1-818) and TLR2 (amino acids 1-588) fused
to mouse IgG2b-Fc were constructed by amplifying the corresponding extra-
cellular domain and ligating the fragment in frame into a pClneo vector contain-
ing the coding sequence for mouse IgG2b-Fc. Fusion proteins were stably
expressed in 293-F cells and purified from cell lysates by protein G affinity
chromatography. Peptides were derived from unique regions of human TIr9
ectodomain sequence and synthesized by Operon Technologies.

Intraperitoneal Neutrophil Recruitment

sHZ (1000 ng) was resuspended in 200 ul PBS and intraperitoneally adminis-
tered to various mice. At 1618 hr after injection, the peritoneum was washed
with a 30 ml cold PBS containing EDTA (3 mM) and heparin (10 U/ml) and the
cells were counted. Neutrophils were identified using PE-conjugated anti-Gr-1
and APC-conjugated anti-CD11b antibodies (Becton Dickinson) in the pres-
ence of an anti-CD16 antibody. The stained cells were washed and analyzed
using a FACSCalibur system.

Antibody and Cytokine ELISA

The plates were coated with OVA (1 pg/ml) or HSA (10 ug/ml), Derf2 (1 ug/ml) or
Pf SE36 antigen (3 pg/ml) and analyzed by ELISA using a previously described
procedure (Coban et al., 2005; Okech et al., 2006).

Spleens were extracted 3 weeks after the prime immunization and then stim-
ulated with Pf crude extract. Seventy-two hours later, the cell culture superna-
tants were collected and analyzed for IFNy, IL-13, IL-5, and IL-17 by ELISA
(DuoSet ELISA Kit, R&D Systems).

Binding Assay and ELISA

Zymosan (5 pg/ml), CpG DNA (D35; 10 ug/ml), Pf crude extract (10 ug/ml), and
Pf DNA (2 ng/ml) were coated on 96-well plates in PBS overnight at 4°C and
then blocked with PBS containing 1% bovine serum albumin. The binding of
TLR9 or TLR2 fusion proteins was detected with HRP-labeled mouse anti-
IgG (Southern Biotech.). For competition ELISAs, rTLR9 protein was incubated
with sHZ, MSU or CpG DNA for 1 hr and then incubated on Pf crude extract-
coated plates for an additional 1 hr.

CD Spectroscopy

CD spectra were recorded with a J-820 spectropolarimeter (Jasco) using a
1 mm cell at 20°C. Each sample containing 1 uM TLR9 protein with or without
a ligand (1 or 10 uM CpG DNA; 10 or 100 uM sHZ, or 10 or 100 uM MSU),
was prepared in 20 mM sodium acetate buffer containing 150 mM NaCl at
pH 5.5. Twenty spectra were acquired for each sample with a 1 nm bandwidth,
a scanning speed of 50 nm per min, and a response time of 2 s, and then
averaged. The resultant spectra were calculated after the spectra of rTLR9
were subtracted.

NMR Spectroscopy

"H-1D NMR measurements were carried out using an AV400M NMR machine
(Bruker BioSpin, Rheinstetten, Germany) with a 5 mm Shigemi tube (Shigemi,
Tokyo, Japan) at 25°C. Each sample was prepared at a peptide concentration
of 250 uM in 20 mM sodium phosphate buffer (pH 7.0) containing 10% (v/v)
D,0 for the signal lock. For the measurements with hemin, various concentra-
tions of hemin were prepared and the pH was set to 7.0 to prevent precipitation
of hemin. For the measurements with CoG DNA (D35), because the signals
from CpG DNA were larger than those from the peptides, the spectrum of
D35 was subtracted from the spectra of the peptide-CpG DNA mixture to
more easily judge the difference. All NMR data were processed and analyzed
using NMRPipe (Delaglio et al., 1995) and Igor Pro (WaveMetrics, Lake Os-
wego, OR).

FESEM and Particle Size Analysis

Slides were coated with different dilutions of sHZ and images were captured
using ultra-high-resolution FESEM (S-4800; Hitachi). The particle size and
distribution in the sHZ solution were analyzed using a laser-scattering particle
size distribution analyzer (LA-950; Horiba).

Statistical Analysis
Statistical differences between groups were analyzed using the Student’s
t test.

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures and can be found with this
article online at doi:10.1016/j.chom.2009.12.003.
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INFECTIOUS DISEASE

Plasmacytoid Dendritic Cells Delineate Immunogenicity
of Influenza Vaccine Subtypes

Shohei Koyama,'? Taiki Aoshi,> Takeshi Tanimoto,* Yutaro Kumagai,' Kouji Kobiyama,®
Takahiro Tougan,® Kazuo Sakurai,® Cevayir Coban,’ Toshihiro Horii,*

Shizuo Akira,'* Ken J. Ishii'3*

(Published 31 March 2010; Volume 2 Issue 25 25ra24)

A variety of different vaccine types are available for HIN1 influenza A virus infections; however, their immu-
nological mechanisms of action remain unclear. Here, we show that plasmacytoid dendritic cells (pDCs) and
type | interferon (IFN)-mediated signaling delineate the immunogenicity of live attenuated virus, inactivated
whole-virus (WV), and split virus vaccines. Although Toll-like receptor 7 acted as the adjuvant receptor for the
immunogenicity of both live virus and WV vaccines, the requirement for type | IFN production by pDCs for the
immunogenicity of the vaccines was restricted to WV. A split vaccine commonly used in humans failed to im-
munize naive mice, but a pDC-activating adjuvant could restore immunogenicity. In blood from human adults,
however, split vaccine alone could recall memory T cell responses, underscoring the importance of this adju-

vant pathway for primary, but not secondary, vaccination.

INTRODUCTION

Vaccination is considered to be the best prophylaxis for influenza
virus infection (1). There are three different types of influenza virus
vaccines: live attenuated influenza virus (LAIV), formalin-inactivated
whole-virus (WV) vaccine, and ether-treated hemagglutinin (HA)
antigen—enriched virion-free “split” virus (SV) or “subunit” virus (SU)
vaccine (2). Among them, SV and SU are the most commonly used in
clinics because there are fewer reactogenicities, although LAIV and
WYV have been shown to have superior immunogenicity, especially
in children (3-5). The immunogenicity and efficacy of these vaccines
can be affected by host factors, such as age and immunological status
[such as immunodeficiency (6-8)], and viral factors, including the an-
tigenic mismatch between the vaccines and the circulating virus
strains (9). However, the exact mechanisms used by the three types
of vaccine compositions to achieve immunogenicity and how these
mechanisms differ are not fully understood.

It is known that most, if not all, successful vaccines that induce
strong protection against pathogens contain adjuvant components that
activate the innate immune system via specific receptors, including
Toll-like receptors (TLRs), retinoic acid-inducible gene-I (RIG-I)-like
receptors (RLRs), and Nod-like receptors (NLRs) (10-12). These recep-
tors are expressed by antigen-presenting cells, such as dendritic cells
(DCs), which mediate the subsequent adaptive immune response by
releasing specific cytokines, such as interferons (IFNs) and interleu-
kins (ILs), and activating antigen-specific T and B cells. The nature
of the adjuvant and the specific receptors that are activated on DCs
can determine the type of immune response that is generated (10-12).
Recent studies suggest that TLR7 and a certain NLR that activates the
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inflammasome—a collection of components that spur the innate im-
mune system—are involved in controlling adaptive immune responses
to influenza A virus infection (13, 14). Our previous work has character-
ized a key role for TLR signaling in the immune response to inactivated
WV vaccination (13); however, no comprehensive study directly com-
pares the role of TLRs, NLRs, and RLRs in either live virus or inactivated
WYV vaccinations (15). Here, we decipher the mechanism(s) by which the
various virus preparations drive development of immunogenicity.

RESULTS

Inactivated WV requires TLR7-mediated, but not RLR- or
NLR-mediated, immune activation for its immunogenicity

We first examined whether an inactivated WV preparation of the A/
New Caledonia/20/1999 (NC) (HIN1) strain can immunize mice lacking
TLR7, IPS-1 (IFN-B promoter stimulator-1; an adaptor protein for
RIG-I-mediated type I IFN production), and ASC (apoptotic speck
protein; containing a caspase recruitment domain, an adaptor mole-
cule required for NLRP3 inflammasome activation). All three of these
genes have been shown to be involved in innate immune recognition
of live influenza virus infection (14, 16-19).

We immunized TLR7-deficient or IPS-1-deficient mice intra-
nasally (i.n.) with WV of NC HINI twice at a 2-week interval. One
week after the second injection, the vaccination-induced, virus-specific
B cell and CD4" T cell adaptive immune responses were analyzed.
TLR7-deficient mice showed virtually no virus-specific immuno-
globulin A (IgA) in bronchoalveolar lavage fluid (BALF), no virus-
specific IgG in serum (Fig. 1A), and no IFN-y production from CD4" T
cells specific to a viral nucleoprotein (NP) antigen epitope (NP2go_2s3
specific to I-A) (Fig. 1B), whereas IPS-1-deficient mice mounted com-
parable levels of these responses to wild-type mice (Fig. 1, A and B).
Consistently, the immunized TLR7-deficient mice were not protected
against a lethal challenge with the A/Puerto Rico/8/34 (PR) (HINI)
strain, whereas the immunized IPS-1-deficient mice were protected
to a level comparable to vaccinated wild-type mice (Fig. 1C). We
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obtained similar results with intramuscular (i.m.) immunization of these
mice, with respect to total IgG titer and IgG2a titer (fig. S1). In contrast to
Ln. immunization, im. immunization failed to elicit BALF IgA in either
wild-type or TLR7-deficient mice. There was an enhanced serum IgGl
response in TLR7-deficient mice relative to wild-type mice, but this re-
sponse failed to protect the TLR7-deficient mice from lethal challenge with
PR HINTI (fig. S1, A and C). Thus, the inactivated WV vaccine requires
TLR7-medjated, but not RIG-I-mediated, IPS-1 for its immunogenicity,
which is consistent with findings for the live virus vaccination (13).

We also immunized ASC-deficient mice with WV (NC HINT1) be-
cause a role for the ASC inflammasome in the adaptive immune response
to influenza virus infection is controversial (14, 19). ASC-deficient mice
did not show any defects in their adaptive immune responses to WV im-
munization relative to wild-type mice (Fig. 1, D and E). Notably, ASC was
not involved in the immunogenicity of live virus immunization, except
for serum IgG1 production, whereas CD8" T cell responses were not
observed with WV immunization (fig. $2). Immunized wild-type and
ASC-deficient mice were similarly protected against lethal PR HIN1
virus challenge relative to naive wild-type mice (Fig. 1F). Therefore,
ASC inflammasome activation was not essential for the induction of
virus-specific B and CD4 T cell responses to WV.

The type | IFN receptor is important for the immunogenic

response to inactivated WV vaccine but not to the live virus
Because both the inactivated WV and the live virus require TLR7 for
their immunogenicity, we sought to identify the downstream effector

and C) relative to the heterozygous IFNAR2 knockout mice. As a
result, mortality was increased and a significantly larger body weight
loss was observed after lethal PR HIN1 challenge in the IFNAR2-
deficient mice (Fig. 2C). Naive wild-type and IFNAR2-deficient mice
showed similar susceptibilities to PR HIN1 challenge, consistent with
a previous study (23). Similar results were also observed after i.m. im-
munization (fig. $3, D and E). When naive IFNAR2-deficient mice
were immunized with live virus, there was no alteration of the
virus-specific serum IgG and IFN-y secretion by virus NP antigen-
specific CD4™ T cells (NP,g_,53 specific to 1-A®) and CD8* T cells
(NP366-374 specific to H-2DP) (fig. S3, F to I), consistent with a previ-
ous study (23). Together, these results suggest that TLR7, but not RLRs
or NLRs, is required for immunogenicity of inactivated as well as live
influenza virus vaccination. In addition, the type I IFN receptor-mediated
signaling pathway was critical for the immunogenic response to WV
but not to the live virus.

Live virus and inactivated WV vaccines induce type I IFNs
through distinct DC types

DCs are a critical component of the innate immune system that recognize
vaccines and mediate the adaptive immune response. There are different
subtypes of DCs that can be divided loosely into conventional myeloid
DCs (mDCs) and plasmacytoid DCs (pDCs), which express different
receptors and secrete different cytokines on activation. To characterize
in more detail the immune response triggered by the WV vaccine and
live virus, we stimulated two types of bone marrow-derived DCs—Flt3
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sponses (Fig. 2B and fig. S3, B

Fig. 1. TLR7-dependent, but not IPS-1-dependent or ASC-dependent, signaling is required for the induction of protective
immune responses by inactivated WV. (A to €) Wild-type (WT), Tir7-deficient, and Ips-1-deficient mice (n =9 per group) were
i.n. vaccinated with WV of NC (1.5 ug per mouse) twice, with a 2-week interval. One week after the second vaccination, we
measured titers of antigen-specific mucosal (BALF) IgA and serum total IgG (tlgG), IgG1, and IgG2a (A) and IFN-y production
by CD4" T cells (B) by ELISA as described in Materials and Methods. *P < 0.05 versus WT mice. (C) Vaccinated mice (n=9 per
group) were challenged with 10 x LDs, (median lethal dose) (2 x 10* PFU per mouse) of lethal influenza virus PR, and their
survival was monitored. *P < 0.05 versus vaccinated WT mice. (D to F) WT and Asc-deficient mice (n = 5, each group) were
similarly vaccinated, and their antigen-specific antibody responses (D), IFN-y production by CD4" T cells (E), and survival (WT,
n =7; Asc-deficient, n = 10; naive, n = 10) (F) were determined by ELISA as described in Materials and Methods. Each bar
represents the mean (A and D) or mean + SD (B and E). These results are representative of two independent experiments.
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ligand-generated DCs (FL-DCs; which contain pDCs) and granulocyte-
macrophage colony-stimulating factor (GM-CSF)-generated DCs
(GM-DCs; which contain conventional DCs but no pDCs)—with
the live virus or WV and then measured their IFN-B production by
enzyme-linked immunosorbent assay (ELISA). The live virus strongly
stimulated FL-DCs to produce IFN-B in a TLR7-dependent manner,
whereas production by GM-DCs was in a TLR7-independent manner
(Fig. 2D), consistent with our previous study (13). In contrast, WV-
activated FL-DCs, but not GM-DCs, produced IFN-B, a process en-
tirely dependent on TLR7 signaling (Fig. 2D), indicating that there is
a clear distinction between the live virus and WV in terms of their
abilities to activate DCs to secrete type I IFNs.

To confirm these in vitro observations in vivo, we next depleted
pDCs in vivo to examine the role of these cells in the induction of
adaptive immune responses to live virus and WV, as pDCs are known
to play a key role in bridging the innate and adaptive immune re-
sponses (24). Wild-type mice were treated intravenously with an an-
tibody to mPDCA-1 (25) and then immunized 24 hours later with the
live virus or WV. Depletion of pDCs was confirmed in the spleen (fig.
S4). After live virus vaccination, the concentrations of mRNAs
derived from genes involved in induction of the adaptive immune
response, specifically Ifnb, Cxcl10, 116, and Ccl2, were clearly elevated
in the lung irrespective of treatment with antibody to mPDCA-1
(Fig. 2E). In contrast, these transcriptional responses were severely
impaired after WV vaccination in pDC-depleted mice relative to
isotype control antibody-treated mice (Fig. 2E). Serum CXCL10
was also reduced in pDC-depleted mice treated with WV but not the

live virus (Fig. 2F). Thus, both live virus and WV induced type I IFNs
predominantly through pDCs in vivo; however, WV was dominantly
recognized by pDCs, whereas live virus could also stimulate other cell
types to activate innate immune responses.

Although it was previously reported that pDC activation is not essen-
tial for the induction of adaptive immune responses in live influenza virus
infection (26, 27), pDC depletion specifically rendered the inactivated WV
nonimmunogenic, as measured by virus-specific IgG concentrations in
serum (Fig. 3A). In these experiments, mice were treated with an anti-
body to mPDCA-1 twice at both the primary and the secondary vac-
cinations. To further examine the more detailed role of pDCs in the
primary and/or secondary vaccinations, we treated mice with an an-
tibody to mPDCA-1 at either the primary or the secondary (boost)
vaccination. Virus-specific mucosal IgA, serum IgG (Fig. 3B), and
CD4" T cell IFN-y (Fig. 3C) were significantly impaired when pDCs
were depleted in the primary, but not in the secondary, vaccination
with the inactivated WV. Thus, pDC activation is essential for
inducing B cell and CD4" T cell responses to the inactivated WV
during primary, but not secondary, vaccination. By sharp contrast,
pDC activation at priming was not required for inducing B cell
and CD4" T cell responses with the live virus.

WV-loaded pDCs were sufficient to transfer immunogenicity

to naive mice, which requires intrinsic as well as extrinsic

type I IFN signaling

To further examine the role of pDCs, we performed cell transfer ex-

periments. FL-DCs from wild-type mice were separated into two pop-
ulations, namely, a B220

é B ¢ - (CD45R)-enriched popula-
200 200 200 Ey = . ..
£ % 100 < 1101 . tion containing pDCs and a
e =i 2 g0 24004 B220-depleted population
o 2 © 5 % ¥
< 100 + 100 100 S8l £ 60 5 90 containing virtually no pDCs
) o 6 S a0 e ffnar2*- £ o5 (as indicated in Fig. 3D).
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2 0 0 0 @ 0 LI 3 60 pulsed with WV and injected
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g D7 %1000 e W lotype  were significantly higher than
340 < 800 HImPOCAT  those elicited by the B220-
2.0 10 £ 600 100 depleted population (Fig.
z * * ke Q 400 * 3D). In addition, when we
2 200 transferred B220-enriched
FL-DCGM-DC  FL-DC GM-DC z 0 0 FL-DCs derived from the
@ IFNAR2-deficient mice (lack-
Fig. 2. Critical roles of type | IFN receptor-mediated signaling and pDC activation in inducing adaptive immune re- ing type IIFN) into wild-type

sponses to the inactivated WV vaccine but not to the live virus. (A) Tlr7-deficient, Ips-1-deficient, Asc-deficient, and control
mice (n = 3 per group) were i.n. vaccinated with WV (3.0 ug per mouse), and CXCL10 production in sera was measured by
ELISA after 24 hours. *P < 0.05 versus control mice. (B and €) Control (fnar2"~) and type | IFN receptor—deficient (ifnar2 ™)
mice (n = 8, each group) were i.n. vaccinated with WV (1.5 ug per mouse) as in Fig. 1, and BALF IgA (B) was measured by
ELISA. *P < 0.05 versus control mice. The mice were then infected with lethal influenza PR at 10 X LDs,, and their survival
and body weight (C) were monitored. *P < 0.05 versus control mice. (D) Type | IFN production by FL-DCs and GM-DCs from
WT and Tlr7-deficient mice in response to the live virus [multiplicity of infection (MOI) = 10] and WV (5 pg/ml). IFN-B
production was measured by ELISA 24 hours after the stimulation. *P < 0.05 versus WT FL-DC. (E and F) Innate immune
responses to WV in pDC-depleted mice. Mice were treated with an antibody to mPDCA-1 24 hours before inoculation and
then i.n. challenged with the live virus (1 x 10° PFU per mouse) or WV vaccine (5 ug per mouse). The expression of IFN-B,
CXCL10, IL-6, and CCL2 mRNA in the lungs (E) and CXCL10 in sera (F) 24 hours after vaccination was measured by RT-PCR
and ELISA. *P < 0.05 versus control mice. These results are representative of at least two independent experiments.

mice or vice versa, virus-
specific IgG induction was
significantly impaired in both
cases (Fig. 3E). We also con-
firmed that [FNAR2-deficient
FL-DCs secreted significantly
less type I IFN relative to that
of FL-DCs from the hetero-
zygous IFNAR2 knockout
mice (fig. S5A). When we
tested TLR7 deficiency with
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the same approach, we observed a substantial TLR7 signaling depen-
dency in these FL-DC transfer experiments (fig. S5B). These results
suggest that type I IFN-mediated signaling in pDCs, as well as in
the recipient as yet unidentified cell type(s), is indispensable for elicit-
ing the adaptive immune response to WV.

Split vaccine does not protect naive mice, but inmunogenicity
can be improved with a pDC-activating adjuvant while it
recalls memory T cells in human adult blood

Currently, the most widely used influenza vaccines in many countries
comprise SV or SU, which mainly consist of purified protein antigens
such as HA and neuraminidase. As mentioned earlier, vaccination of
mice with SV led to significantly lower production of type I IFNs and
related chemokines, such as CXCL10, at both the mRNA and the
protein levels in the lung and serum, respectively (Fig. 4, A and B).
SV also failed to activate DCs to produce type I IFNs in vitro (fig.
S6A). These data suggest that the intrinsic TLR7 ligand (that is, viral
genomic RNA) was lost during the SV production process. In support
of this idea, removal of the RNA content from WV by ribonuclease
treatment significantly decreased the TLR7-mediated type I IFN pro-
duction by pDCs (fig. S6B). The reduced immunostimulatory activity
of SV was associated with its diminished immunogenicity. When
naive mice were immunized with SV at the same dose, adjusted to
the HA content (fig. S6C), as WV, the HA-specific IgG and CD4 T
cell responses were significantly lower than those elicited by WV
(Fig. 4, C and D). Together, these
data strongly suggest that SV loses
its built-in TLR7 adjuvant (viral ge-
nome RNA) during purification of
WYV, consistent with a recent study
for the H5N1 virus (28).

Our results thus far raise the pos-
sibility of improving SV immunoge-
nicity by adding a pDC-activating
TLR ligand. Because pDCs express
both TLR7 and TLR9, we examined
whether addition of a TLR9 ligand c
to the “adjuvant-lost” split vaccine
would replace the natural TLR7-
mediated pDC activation. We used
a second-generation TLRY ligand of T
CpG DNA complexed with B-(1—3)- &
D-glucan, namely, schizophyllan (SPG)
(29). This new TLR9 ligand is more
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mice (Fig. 4, C and D). Immunization of TLR9-deficient mice provided
further evidence that the responses induced by the SV+SPG-CpG were
dependent on TLRY but not on TLR7 (fig. S7A).

The protective efficacies of these three types of vaccines were also
examined in mice. WV conferred protection against lethal PR HIN1 virus
challenge in a TLR7-dependent and TLR9-independent manner, whereas
the SV+SPG-CpG provided protection in a TLR9-dependent and TLR7-
independent manner (Fig. 4E and fig. S7B). Notably, the original SV failed
to provide protection against lethal PR HIN1 virus challenge in any of the
groups of mice examined (Fig. 4E and fig. S7B). We also confirmed that
the restored protective effect of the SPG-CpG adjuvant was mediated by
type I IFN responses because IFNAR2-deficient mice failed to mount
virus-specific B and T cell responses (fig. S7, C and D) and demonstrated
no improved protection against infection (fig. S7E).

Although the usefulness of SV vaccination in the healthy adult hu-
man population has been recognized in many studies, our results are
somewhat contradictory. Therefore, we tested the relevance of these
observations in a human system. Human peripheral blood mono-
nuclear cells (PBMCs) from healthy volunteers were stimulated with
HINT1 live virus, inactivated HIN1 WV, and HIN1 SV for 24 hours,
and then IFN-o and IFN-y secretion was measured by ELISA. Consistent
with the mice data, IFN-a was secreted with live virus and WV but not
with SV stimulation (Fig. 4F). Depletion of pDCs with BDCA4 mi-
crobeads revealed that this IFN-a secretion was totally dependent on
pDC in WV and partially in live virus stimulation (Fig. 4F). On the
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DNA, and it still retains the TLR9
ligand activity. Mice were i.n. immu-
nized with WV, SV, or SV plusthe SPG-
CpG DNA conjugate (SV+SPG-CpG)
and then evaluated for their adaptive
immune responses. The SV+SPG-
CpG induced robust type I IFN re-
sponses independently of TLR7 (Fig.
4, A and B). Correspondingly, the
SV+SPG-CpG successfully enhanced
HA-specific Bcelland CD4 " T cell re-
sponses to levels comparable to those
from WV immunization of wild-type

Fig. 3. Immunogenicity of the inactivated WV, but not of the live virus, depends on pDC activation at the
primary vaccination. (A) The adaptive immune responses to WV (i.n.) were monitored in pDC-depleted mice
(n=3 per group). Mice were injected with an antibody to mPDCA-1 or isotype control antibody 24 hours before
each vaccination, and serum IgG concentrations were measured by ELISA at the indicated times. *P < 0.05
versus control mice. (B and C€) To determine whether pDCs are more important for priming or boosting after
vaccination with inactivated WV, we treated one group of mice (n = 3) only with an antibody to mPDCA-1 before
the primary vaccination (priming) and another group (n = 3) was treated only before the secondary vaccination
(boosting). BALF IgA and serum IgG 1 week after the boost (B) and IFN-y production from influenza-specific CD4*
T cells (C) were measured by ELISA. *P < 0.05 versus control mice. (D and E) FL-DCs were separated into B220*
and B220~ DCs by MACS. Each DC was pulsed with WV in vitro, and B220* or B220™ cells (5 x 10°) were intra-
venously injected (n = 3 per group). Serum IgG was measured 2 weeks after the injection in WT mice. *P < 0.05
versus B220-enriched cells. (D) B220* cells (1 x 10°) from WT and Ifnar2-deficient mice were intravenously
transferred into untreated WT and Ifnar2-deficient mice (n = 3 per group), and serum IgG was measured by ELISA.
*P < 005 versus WT to WT. (E) These results are representative of at least two independent experiments.
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other hand, both WV and SV induced IFN-y secretion comparably in
the PBMC preparations even when the SV made from the swine-origin
HIN1 A/California/04/2009 strain was used. Results obtained after
CD4" and CD8" T cell depletion of the PBMC preparations revealed
that virus-specific IFN-y secretion was produced mainly by CD4" T
cells in live virus and WV stimulation (Fig. 4G). These results suggest
that SV could efficiently stimulate memory T cell responses without
type I IFNs in a naturally (or seasonally) influenza virus-exposed
human population.

DISCUSSION

Although TLR7 and certain NLRs have been shown previously to be
involved in the induction of adaptive immune responses to influenza A
virus infection (13, 14), the current work represents a comprehensive
study that directly compares the functions of TLRs, NLRs, and RLRs in

the immunogenicity and efficacy of influenza inactivated WV vaccina-
tions (Fig. 1 and fig. S1). We identified pDCs as an innate immune cell
and type I IFNs as humoral factors that are essential for the immuno-
genicity of the inactivated WV vaccine (Figs. 2 and 3). Although our
results demonstrate an essential role for pDCs in inactivated WV vac-
cination, other studies have identified a redundant role for pDCs in
antiviral responses to live virus vaccination such as influenza virus
(26, 27). In addition, although TLR7 is expressed in a variety of cell
types, including B cells and macrophages, our results strongly suggest
an essential role for pDCs in mediating TLR7-induced innate and
adaptive immune responses to inactivated influenza WV vaccination
but not to live virus vaccination.

The critical role of pDCs in vaccine priming, but not in boosting, is
apparent from results of the pDC depletion study, in which pDCs were
removed from mice before vaccination with inactivated WV (Fig. 3, A to
C). These findings parallel our in vitro data, in which the pDC-containing
FL-DC preparation, but not the mDC-dominant GM-DC preparation,
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Fig. 4. Immunogenicity differences between WV and SV depend on type | IFN production via pDC activation in naive hosts that pDCs can present anti-
but notin primed hosts. (A and B) WT and Tlr7-deficient mice were i.n. vaccinated with three different vaccines as described ~ gens directly to T cells and/
in Materials and Methods. After 24 hours, IFN-B and CXCL10 expression in the lungs (A) and CXCL10 productionin thesera  or B cells. We note the dis-
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determined antigen (HA)-specific BALF IgA, serum total IgG (C), and IFN-y production by CD4" T cells (D) by ELISA. *P < 0.05
versus WT mice immunized with WV. (E) Vaccinated mice were challenged with the PR strain at 10 x LDs, and their survival
rates were determined as described in Materials and Methods. *P < 0.05 versus WT mice immunized with WV or control
mice. These results are representative of at least two independent experiments. (F and G) IFN-a and IFN-y production in
response to inactivated influenza vaccines in human PBMCs. PBMCs from healthy volunteers were stimulated with live NC
virus, WV, and SV. Total PBMCs and pDC-depleted PBMCs (PBMC-BDCA4) were stimulated with live NC virus (0.01 MOI), WV
(1.0 pg/ml), and SV (0.5 pg/ml), and IFN-a production was measured by ELISA (F). Total PBMCs and CD4- or CD8-depleted
PBMCs were stimulated with WV and SV of NC (10 and 5 ug/ml, respectively) and SV of swine-origin influenza virus (SV S-OIV)
(5 ug/ml). IFN-y production was measured by ELISA (G). These results are from 2 representatives of 10 volunteers.

vaccination, which differed
from IFN induction by live
virus vaccination. Indeed, al-
though type I IFNs were in-
duced by both inactivated
and live virus vaccinations,
inactivated WV vaccines ac-
tivated only TLR7 on pDCs,
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whereas live virus activated both TLR7 on pDCs and other TLR7-
independent pathways in the other cells, possibly mDCs (Fig. 2, D
and E). Therefore, although TLR7, pDCs, and type I IFNs all were es-
sential for inactivated WV vaccination, pDCs and type I IFNs were not
essential for live virus vaccination.

The adaptor ASC is a critical component of NLRP3 inflamma-
some (30). In contrast to type I IFN responses, ASC-dependent in-
flammasome activation has been shown to play a critical role in the
survival of the mice challenged with live influenza virus (14, 18, 19).
However, the requirement for inflammasome activation to induce
influenza-specific adaptive immune responses has been controversial
(14, 19). Our data indicate that ASC-dependent inflammasome ac-
tivation is dispensable for inducing adaptive immune responses to
WYV and live virus, except for IgG1 production in live virus vaccina-
tion (Fig. 1 and fig. S2). Concurrent analysis comparing three in-
nate immune signaling pathways, TLR, NLR, and RLR, enabled us
to elucidate that the TLR-dependent pathway dominantly controlled
the T helper 1-type protective immunity elicited by WV and live
virus vaccination.

Although SV, which is now used as the first choice for influenza
vaccination in many countries, was not protective in naive mice, its
decreased immunogenicity was fully restored by adding a new
TLR9 ligand that stimulates pDCs to secrete type I IFNs (Fig. 4,
A to E, and fig. S7). These data above further support the notion
that pDC activation and their type I IFN production play a critical
role in the induction of inactivated influenza vaccine immunoge-
nicity in naive hosts. These results might explain in part the well-
known fact that the efficacy of adjuvant-less SV is lower in young
children than in adults (7), in which SV is simply boosting the
memory T and/or B cell responses. This is further supported by
our results obtained using human PBMCs (Fig. 4, F and G), which
suggest that most human adults have virus-specific CD4" T cells that
produce IFN-y in response not only to seasonal flu viruses but also to
the novel swine HINT1 virus. Our results also indicate that memory T
cells react to both internal proteins, such as those in SV, and a wide
spectrum of influenza virus surface antigens, such as those on swine-
origin HIN1 (31, 32) and H5N1 (33). The age distribution of the
affected population in swine-origin HINI and H5N1 infections,
which was limited to the young, might reflect the importance of
memory T cells established by recurrent exposure to seasonal influ-
enza live viruses and vaccines (34, 35)

LAIVs activate both influenza-specific IgA-secreting B cells and
cytotoxic CD8" T cells (36), which provides certain advantages over
inactivated vaccines including WV and SV. Although WV is now
unavailable for seasonal influenza, it is cost-effective and can in-
duce heterosubtypic protection not only against a challenge by
HINI (Fig. 1C and fig. S1C) but also against H5N1 (37, 38), as with
LAIV (39). In addition, recent progress in manufacturing tech-
niques could reduce the adverse event rate in im. WV immunization
(37, 38) to yield results that are quite different from those of past
clinical trials (3, 40). An in. WV immunization may produce a suf-
ficient combination of efficacy, safety, and utility for both seasonal
and pre-pandemic vaccines (41-45).

Together, analysis of the molecular and cellular mechanisms of
different influenza vaccines provides useful information for im-
proving vaccine immunogenicity and efficacy, as well as for choos-
ing an appropriate form of influenza vaccine with a rational safety
approach.

MATERIALS AND METHODS

Animals, cells, viruses, and reagents
The generation of Tlr7-, Ips-1-, Ifnar2-, and Tlr9-deficient mice, either
on a 129/Ola x C57/BL6 or on a C57/BL6 background, has been de-
scribed previously (13, 46). ASC-deficient mice were a gift from V. M.
Dixit (47).

All animal experiments were performed in accordance with the
institutional guidelines for the Osaka University animal facility.

Purified influenza viruses, HIN1 (PR and NC), a recombinant HA
protein of PR, and both inactivated WV and split vaccines of NC
were prepared as previously described (48). Both types of vaccines
were derived from the NC strain. Briefly, the viruses were purified
from allantoic fluid by filtration (0.45 um) followed by sedimenta-
tion through a linear sucrose gradient. For formalin-inactivated WV
vaccines, purified viruses were treated with 0.1 to 0.2% formalin at
4°C for a week. For the ether-split vaccines (SV), the viruses were
mixed with an equal volume of ether and then incubated for 30 min
at room temperature with stirring. The mixture was centrifuged (3000
rpm, 15 min), and the aqueous phase was collected and evaporated.
CpG DNA forming a triple helix with SPG, a natural polysaccharide
composed of B-(1—3)-p-glucan, was used as the second-generation
TLR9 ligand as previously described (29, 49, 50). DCs were prepared
as described previously. Briefly, bone marrow cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
calf serum, 100 mM 2-mercaptoethanol, and human Flt3 ligand
(100 ng/ml) (PeproTech) or murine GM-CSF (10 ng/ml) (PeproTech)
for 7 to 9 days to use as FL-DCs and GM-DCs.

Influenza virus infection and vaccination

For influenza virus infection or vaccination, mice were anesthe-
tized and administered i.n. with 30 pl of phosphate-buffered saline
(PBS) (15 ul for each nares) containing serial amount of influenza
NC viruses and vaccines. Mice were infected with 1 x 10° to 2 x 10°
plaque-forming units (PFU) of virus per mouse or vaccinated with
WYV (1.5 to 3.0 pg per mouse) or SV (0.75 pug per mouse) with or
without SPG-CpG (30 pg per mouse) twice at a 2-week interval.
For the analysis of protection, mice were infected with the indi-
cated doses of lethal PR strain.

Measurement of innate immune responses

Reverse transcription polymerase chain reaction (RT-PCR) was
performed to measure mRNA expression levels of type I IFNs, cy-
tokines, and chemokines using the RNA of the stimulated cells as
previously described (13). Protein concentrations of IFN-o, IFN-B,
and CXCL10 in the culture supernatants of the stimulated cells
were measured using ELISA kits (IFN-a and IFN-B, PBL Bio-
medical Laboratories; CXCL10, R&D Systems).

Plasmacytoid DC depletion and cell transfer

Plasmacytoid DCs were depleted by intravenous injection of anti-
body to mPDCA-1 (500 ug) (Miltenyi Biotec) 24 hours before live
virus infection or inactivated WV vaccination.

FL-DCs were separated into two populations, B220-enriched
and B220-depleted population, by B220 antibody MACS microbeads
(Miltenyi Biotec) according to the manufacturer’s protocol to obtain
B220-enriched FL-DC. Each cell population was incubated with WV
(5 to 10 pg/ml) for 3 hours, and 1 x 10° to 5 x 10° cells per mouse
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