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Abstract

Because vaccination is an effective means to protect humans from influenza viruses, extensive
efforts have been made to develop not only new vaccines, but also for new adjuvants to enhance
the efficacy of existing inactivated vaccines. Here, we examined the adjuvanticity of synthetic
hemozoin, a synthetic version of the malarial by-product hemozoin, on the vaccine efficacy of
inactivated whole influenza viruses in a mouse model. We found that mice immunized twice with
hemozoin-adjuvanted inactivated A/California/04/2009 (H1N1pdm09) or A/Vietnam/1203/2004
(H5N1) virus elicited higher virus-specific antibody responses than did mice immunized with non-
adjuvanted counterparts. Furthermore, mice immunized with hemozoin-adjuvanted inactivated
viruses were better protected from lethal challenge with influenza viruses than were mice
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immunized with non-adjuvanted inactivated vaccines. Our results show that hemozoin improves
the immunogenicity of inactivated influenza viruses, and is thus a promising adjuvant for
inactivated whole virion influenza vaccines.

Keywords
influenza virus; vaccine; hemozoin; adjuvant; antibody

Introduction

Despite the worldwide surveillance network of influenza viruses, the incidence and
prevalence of influenza are hard to predict, as exemplified by the influenza (H1N1) 2009
pandemic [1, 2]. Vaccination stands on the frontlines of influenza infection control: both live
attenuated and inactivated influenza vaccines are currently available [3, 4]. The live
attenuated vaccines are more efficient than inactivated vaccines at inducing the mucosal
immune responses that play an important role in combating influenza virus infection [5, 6].
However, because of the safety concerns such as the emergence of revertant and/or
reassortant viruses, these live vaccines are licensed in a limited number of countries. By
contrast, inactivated vaccines have few safety concerns and are globally available. While
they efficiently induce humoral immune responses, a high dose (usually 15 pg) of the
inactivated vaccine is required to provide adequate immunity [7, 8]. Therefore, there is room
for improvement in the current influenza vaccines.

Vaccine is generally assessed on the basis of immunogenicity, safety, and costs [9]. To
enhance the immunogenicity of the inactivated vaccines, adjuvants, such as aluminum
compounds and salts, have been considered [10]. Adjuvants are defined as immune
modulators that are added to inactivated vaccines to boost the immune responses, enable the
use of lower amounts of antigens, and thus expand the vaccine supply [10, 11]. Although
most of the inactivated influenza vaccines currently used are injected via the intramuscular
or subcutaneous routes, previous studies have shown that intranasal vaccinations induce
antibodies more effectively than do intramuscular or subcutaneous vaccinations [12-14].
However, the alum compounds that are generally used as adjuvants for intramuscular
administration do not enhance the efficacy of intranasal vaccines; therefore, to improve the
efficacy of intranasal vaccines, novel intranasal adjuvants are required [15].

Malaria parasites digest hemoglobin in red blood cells, resulting in the production of
potentially toxic heme metabolites [16]. To protect themselves from oxidative damage, the
parasites polymerize toxic heme enzymatically into a safer insoluble substance, hemozoin
[17]. Recently, hemozoin and a chemically identical synthetic version of hemozoin (called
B-hematin) have been investigated for their potency as novel adjuvants, and the molecular
pathway underlying their immunological function has also been studied. Such studies have
demonstrated that purified hemozoin is a non-DNA ligand for Toll-like receptor 9 (TLR9)
that may activate innate immune cells via TLR9 [18-20]. This latter point has been a subject
of debate, however, because the adjuvant effect of synthetic hemozoin is dependent on
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MyD88 and not TLR9 [21]. Recently, we reported that hemozoin enhances the protective
efficacy of a subcutaneously administered influenza HA split vaccine in a ferret model [22].

We speculated that synthetic hemozoin (hereafter referred to only as hemozoin) could serve
as a novel intranasal adjuvant for the inactivated influenza vaccine. Accordingly, here we
evaluated the adjuvanticity of hemozoin on the vaccine efficacy of intranasally administered
inactivated whole virion influenza vaccines in a murine lethal infection model. The results
indicate that hemozoin is a promising adjuvant for inactivated whole virion influenza
vaccines.

Materials & Methods

Cells and viruses.

Human embryonic kidney HEK293T cells were maintained in Dulbecco’s modified Eagle
medium (Lonza, Basel, Switzerland) supplemented with 10% fetal calf serum (Invitrogen,
Carlsbad, CA). Madin-Darby canine kidney (MDCK) cells were maintained in minimum
essential medium (MEM) (Invitrogen) supplemented with 5% newborn calf serum (NCS)
(Sigma, St. Louis, MO). All cells were maintained in a humidified incubator at 37°C in 5%
COs.

AJCalifornia/04/2009 (H1N1; Ca04), which is an early isolate of influenza (H1N1) 2009
pandemic viruses, and mouse-adapted Ca04 (MACa04) [23] viruses were propagated in
MDCK cells as previously described [24]. A/Vietham/1203/2004 (H5N1; VN1203) virus, a
representative strain of highly pathogenic avian influenza viruses, was grown in MDCK
cells and in 10-day-old embryonated chicken eggs to use as challenge viruses and as vaccine
and ELISA antigens, respectively. All work involving live VN1203 virus was carried out at
the ABSL-3 laboratory of the Influenza Research Institute, UW-Madison, following the
protocol designed by Institutional Animal Care and Use Committee (IACUC).

Inactivated influenza virus and adjuvant.

To inactivate MDCK cell-propagated Ca04 virus and egg-propagated VN1203 virus,
formalin (final concentration, 0.1%) was added to the viruses, which were then incubated at
4°C for 1 week. The inactivated viruses were purified through a 10%-50% sucrose density
gradient and resuspended in phosphate-buffered saline (PBS) as described previously [25].
Inactivation of Ca04 viruses was confirmed by passaging them twice in MDCK cells and
examining their cytopathic effect; inactivation of VN1203 viruses was confirmed by
passaging them twice in embryonated chicken eggs followed by hemagglutination assays.

Synthetic hemozoin, was purified from hemin chloride (>98% pure, Fluka) by using the
acid-catalyzed method described previously [21] and was re-suspended in endotoxin-free
water with no detectable levels of endotoxin. The synthetic hemozoin concentration was
calculated in mM (1 mg of hemozoin in 1 ml of water was equal to 1 mM).

Immunization and protection studies.

For the immunization and protection studies with Ca04 virus, six-week-old female BALB/c
mice (n=13 per group) were anesthetized with isoflurane and intranasally administered with
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50 ul of PBS, 9 mM hemozoin only, inactivated Ca04 only [5x106 plaque-forming unit
(PFU), which corresponds to 0.1 pg when the total amount of viral protein was measured by
using a BCA protein assay (Thermo Scientific)], or inactivated Ca04 adjuvanted with 9 mM
hemozoin, twice with a 2-week interval between the immunizations. Three weeks after the
final administration, three mice from each group were euthanized for collection of
bronchoalveolar lavage fluid (BALF) and nasal washes. The remaining mice (n=10 per
group) were intranasally challenged with 10-fold 50% mouse lethal doses (MLDsg) of
MACa04 virus. On days 3 and 6 post-challenge, three mice each were euthanized and their
lungs were collected, homogenized with MEM containing 0.3% BSA, and examined for
virus titers by using plaque assays in MDCK cells. The body weight and survival of the
remaining challenged mice (n=4 per group) were monitored daily for 14 days.

For VN1203 virus, four-week-old female BALB/c mice (n=16 per group) were immunized
as described above. Two weeks after the last immunization, five mice from each group were
euthanized for collection of BALF and nasal washes. The remaining mice (n=11 per group)
were challenged with 100 MLDgq of VN1203 virus. On days 3 and 6 post-challenge, three
mice each were euthanized and their lungs were collected, homogenized with MEM
containing 0.3% BSA, and examined for virus titers by using plague assays in MDCK cells.
The body weight and survival of the remaining challenged mice (n=5 per group) were
monitored daily for 14 days.

Detection of virus-specific antibodies.

Virus-specific antibodies in nasal washes, BALF, and serum were detected by using an
ELISA as previously described [25-27]. Briefly, 96-well ELISA plate wells were coated
with approximately 0.3 pg (in 50 pl) of purified Ca04 or VN1203 virus treated with
disruption buffer (0.5 M Tris—HCI [pH 8.0], 0.6 M KCI, and 0.5% Triton X-100) or sarkosyl,
respectively. After incubation of the virus-coated plates with the test samples, virus-specific
IgA and IgG antibodies in the samples were detected by using anti-mouse IgA and 1gG goat
antibodies conjugated to horseradish peroxidase (Kirkegaard & Perry Laboratory Inc.,
Gaithersburg, MD, Rockland), respectively.

Hemagglutination inhibition assay (HI assay).

To detect HI antibodies against Ca04 and VN1203, an HI assay was performed as described
previously [28, 29]. Briefly, serum samples were treated with receptor-destroying enzyme
(RDE; Denka Seiken Co., Ltd.) by incubating at 37°C for 16-18 h followed by inactivation
at 56°C for 30 min. One volume of turkey or horse red blood cells (RBCs) was then added to
20 volumes of serum and the sera were incubated for 1 h on ice with intermittent mixing.
The samples were then centrifuged at 900 x g for 5 min, and the supernatants were
transferred to new tubes for use in the HI assay. Serially diluted sera (2-fold dilutions) were
mixed with 4 HA units of virus antigen and incubated with 0.5% turkey RBCs or 1% horse
RBCs to determine the extent of hemagglutination inhibition.
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Statistical analysis.

Results

Statistically significant differences in the virus-specific titers (A<0.05 and £<0.01) and the
survival rates of the challenged mice (P<0.05) were assessed by use of a one-way ANOVA
followed by a Dunnett’s test and Log-rank statistical analysis, respectively.

Hemozoin enhances influenza virus-specific antibody responses in mice.

To examine the effect of hemozoin on antibody responses elicited by immunization with
inactivated influenza viruses, we intranasally administered BALB/c mice with hemozoin-
adjuvanted inactivated virus (Ca04 or VN1203 virus, 5x10° plaque-forming units (PFU), the
total amount of viral protein was 0.1 ug) twice with a 2-week interval between the
immunizations. At three or two weeks after the final administration, we examined the
antibody responses to the administered Ca04 or VN1203 virus by using an ELISA to
measure the amount of 1gG in the serum and IgA in the BALF and nasal washes (Fig. 1).
Neither 1gG nor IgA against Ca04 or VN1203 virus was appreciably detected in any samples
from the PBS- or hemozoin-administered mice. Under these conditions, although one mouse
immunized with non-adjuvanted inactivated Ca04 (Fig. 1A upper panel) and one mouse
immunized with non-adjuvanted inactivated VN1203 virus (Fig. 1B upper panel) produced
virus-specific 1gG in the serum at a detectable level, all of the mice immunized with
hemozoin-adjuvanted inactivated Ca04 (n=3) or VN1203 (n=>5) virus elicited significantly
higher levels of virus-specific 1gG in the serum. We also examined the functional properties
of the elicited antibodies by using hemagglutination inhibition (HI) assays. For both the
Ca04 and VN1203 viruses, greater HI titers were obtained after vaccination with hemozoin-
adjuvanted inactivated viruses than with non-adjuvanted inactivated viruses (Fig. 1A&B
upper, right panel), although the titer difference for Ca04 virus between the hemozoin group
and the control groups was not statistically significant (Fig. 1A upper, right panel). Of note,
although the addition of hemozoin did not enhance IgA production in the nasal washes or
BALF of the inactivated Ca04 virus-immunized mice, some of the mice immunized with the
hemozoin-adjuvanted inactivated VN1203 virus did produce high levels of virus-specific
IgA in their nasal washes and BALF (Fig. 1B lower panels). Taken together, these results
indicate that hemozoin enhanced the immunogenicity of inactivated influenza viruses,
resulting in more efficient production of virus-specific antibodies.

Hemozoin enhances the efficacy of inactivated influenza vaccine against lethal challenge

in mice.

To further assess the adjuvanticity of hemozoin, mice immunized twice with hemozoin-
adjuvanted inactivated Ca04 or VN1203 virus were challenged with a lethal dose of
MACa04 (10 MLDsp) [23] or VN1203 (100 MLDsp) virus (Fig. 2). In the MACa04
challenge group, although all of the PBS-administered mice and 75% of the hemozoin-
administered or inactivated Ca04 virus-immunized mice died, all of the mice immunized
with hemozoin-adjuvanted inactivated Ca04 virus survived (Fig. 2A). Intriguingly, no
significant difference was found in Ca04 virus titers in the lungs among the mouse groups
tested (Table 1). These results suggest that the adjuvanticity of hemozoin was sufficient to
protect mice from lethal challenge with MACa04 virus.
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For VN1203 virus, all PBS- and hemozoin-administered and inactivated VN1203 virus-
immunized mice died following the lethal challenge (Fig. 2B). By contrast, 60% of the mice
immunized with hemozoin-adjuvanted inactivated VN1203 virus survived although mice of
all groups experienced body weight loss (Fig. 2B). In accordance with the results of the
MACa04 virus challenge, the addition of hemozoin to inactivated VN1203 virus
immunization did not affect the virus titers in the lungs of VN1203 virus-challenged mice
(Table 2). These results suggest that hemozoin enhanced the vaccine efficacy of the
inactivated influenza viruses by modulating host responses, but not by directly inhibiting
virus replication. Overall, these results suggest that hemozoin is a promising adjuvant for
inactivated influenza vaccines.

Discussion

Here, we examined the effect of an adjuvant candidate, hemozoin, on the vaccine efficacy of
inactivated whole virion influenza vaccines against lethal challenge in a mouse model.
Significantly better virus-specific antibody responses were induced by hemozoin-adjuvanted
inactivated virus than by inactivated viruses (Fig. 1). We further demonstrated that the
hemozoin-adjuvanted inactivated viruses protected mice from lethal challenges more
efficiently than did their non-adjuvanted counterparts with no effect of virus titers in the
lungs (Fig. 2, Tables 1 and 2). These results indicate that hemozoin is a promising candidate
as an effective adjuvant for inactivated whole virion influenza vaccines.

We observed significantly higher levels of IgA specific for VN1203 virus in the BALF and
nasal washes, and of serum IgG, in mice immunized with hemozoin-adjuvanted inactivated
VN1203 virus than in mice immunized with non-adjuvanted inactivated VN1203 virus-
immunized mice (Fig. 1B). These results suggest that hemozoin enhanced the mucosal
immune responses and may potentially compensate for the well-recognized weakness of
inactivated vaccines [30-32]. By contrast, enhanced IgA production by the hemozoin
addition was not observed with the Ca04 virus counterparts (Fig. 1A). This contradiction
may reflect a difference in immunogenicity between the Ca04 and VN1203 viruses. Further
study is required to clarify the mechanisms by which hemozoin promotes IgA responses
after immunization with inactivated vaccines. In addition, hemozoin-adjuvanted inactivated
virus protected mice better than non-adjuvanted inactivated viruses although virus titers in
lungs were similar between animals immunized with and without the adjuvant (Fig. 2,
Tables 1 and 2). This finding suggests that hemozoin enhanced the vaccine efficacy of the
inactivated influenza viruses by modulating host responses. In the current study, we
measured viral loads only in respiratory organs, which are the primary sites of influenza
virus replication even for strains that cause systemic infection (e.g., VN1203 virus). A
further study to examine the inhibitory effect of hemozoin on systemic spread of influenza
viruses may explain the better protection afforded by hemozoin-adjuvanted vaccine.

Although hemozoin is a ligand for TLR9 [18-20], studies using TLR9- or MyD88-deficient
mice suggest that the potent adjuvant effect of synthetic hemozoin is mediated not via TLR9,
but through MyD88 [21]. In addition, previous studies have demonstrated that hemozoin
stimulates innate inflammatory responses, inducing neutrophil recruitment via MyD88 [21,
33]. Thus, one of the possible mechanisms underlying the hemozoin-mediated enhanced
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efficacy of inactivated influenza vaccine may be that hemozoin induces the balanced
Th1/Th2 responses in a MyD88-dependent manner, leading to the improved immunogenicity
of the inactivated influenza viruses and to the better protection against lethal challenge with
influenza viruses. Of note, one of four mice administered with only hemozoin survived after
the lethal challenge with MACa04 virus (Fig. 2A), suggesting that hemozoin itself might
have protective effects against influenza virus infection. Additional study is required to
clarify the inhibitory effect of hemozoin on influenza virus infection.

In conclusion, here, we demonstrated the potential of hemozoin as a novel whole virion
influenza vaccine adjuvant. Because the mechanism by which hemozoin enhances
immunogenicity remains unclear, we should continue to evaluate the adjuvanticity of
hemozoin in the context of influenza vaccination. In addition, to establish the efficacy of
hemozoin as an adjuvant, further studies are needed including studies in an additional animal
model such as ferrets.
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Highlights
Hemozoin enhanced the influenza virus-specific antibody responses in mice.

Hemozoin-adjuvanted inactivated influenza viruses protected mice from lethal
influenza virus challenge.

Hemozoin is a promising adjuvant for inactivated whole virion influenza
vaccines.
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Figure 1. Virus-specific antibody responses in immunized mice.
Virus-specific antibodies were detected by means of ELISA and HI assays with purified

Ca04 (A) or VN1203 (B) virus as a viral antigen. 1gG antibody titers (upper, left panels) and
HI titers (upper, right panels) in serum and IgA antibody titers in the BALF (lower, left
panels), and nasal washes (lower, right panels) from mice intranasally mock-immunized
with PBS or hemozoin or immunized with non-adjuvanted or hemozoin-adjuvanted
inactivated virus were measured. Values represent antibody titers in individual mice (A: n=3,
B: n=5). Statistically significant differences (*: £<0.05, **: P<0.01) are indicated.
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Figure 2. Body weight changes and survival of mice challenged with lethal doses of viruses.
Mice were mock-immunized with PBS or hemozoin, or immunized with non-adjuvanted or

hemozoin-adjuvanted inactivated virus twice with a 2-week interval in between the
immunizations. Three or four weeks after the final immunization, mice were intranasally
challenged with 10 MLDsg of MACa04 virus (A: n=4) or 100 MLDs5q of VN1203 virus (B:
n=5), respectively. Body weight (left panels) and survival (right panels) were monitored for
14 days after challenge. Values are expressed as mean changes in body weight = SD (left
panels). Statistically significant differences in the survival rate of immunized mice (*:
FP<0.05) are indicated (A: right panel).
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Table 1.

Virus titers in the lungs of immunized mice challenged with mouse-adapted Ca04 virus®.

Immunization Day after challenge | Virus titer (mean log,q PFU + SD/g) in: Lungs
3 8.1+0.03
PBS
6 6.5+0.3
3 8.2+0.03
Hemozoin
6 6.6+0.06
3 8.1+0.2
Inactivated Ca04 virus
6 5.7+1.0
3 8.0£0.2
Hemozoin-adjuvanted inactivated Ca04 virus
6 6.2+0.4

aMice were intranasally immunized twice with the indicated agents (50 pl per mouse) and challenged with 10 MLD5Q of MACa04 virus (50 ul per
mouse) 3 weeks after the final immunization. Lungs were collected from mice (n = 3) on days 3 and 6 after challenge and examined for virus titers

by use of plaque assays in MDCK cells.
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Table 2.

Virus titers in the lungs of immunized mice challenged with VN1203 virus®.

Immunization Day after challenge | Virus titer (mean log;o PFU £ SD/g) in: Lungs
3 6.3+0.2
PBS
6 6.320.2
3 6.6+0.2
Hemozoin
6 6.320.2
3 6.7£0.3
Inactivated VN1203 virus
6 5.6+0.4
3 6.4+0.3
Hemozoin-adjuvanted inactivated VN1203 virus
6 6.0+0.4

aMice were intranasally immunized twice with the indicated agents (50 ul per mouse) and challenged with 100 MLDs(Q of VN1203 virus (50 pl per
mouse) 4 weeks after the final immunization. Lungs were collected from mice (n = 3) on days 3 and 6 after challenge and examined for virus titers

by use of plaque assays in MDCK cells.
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