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Identification and characterization of epitopes from influenza A
virus hemagglutinin that induce broadly cross-reactive antibodies
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Abstract. Influenza is the most common infectious
disease and is caused by influenza A virus (IAV) infection.
Hemagglutinin (HA) is an important viral protein of influenza
A and is a major component of current IAV vaccines. The
side effects associated with IAV vaccination are well studied;
however, the HA-induced immunopathological changes
have remained largely elusive. The primary objective of the
present study was to determine the tissue cross-reactive epit-
opes of HA proteins. Monoclonal antibodies (McAbs) were
generated according to traditional methods using purified
HA proteins from influenza vaccine lysates. The specificity
of these McAbs was analyzed using western blot analysis
and ELISA. Human tissue microarrays were employed for
immunohistochemical staining to screen these McAbs. Rat
brain tissues were subjected to immunohistochemical staining
and electron microscopy to demonstrate the subcellular
localization of antibodies targeting specific antigens. A total
of 67 hybridoma cell lines positive for McAb against HA
antigen were obtained. Three cross-reactive McAbs (H1-13,
HI1-15 and A1-10) were discovered through tissue screening.
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Based on the 3 cross-reactive McAbs and the amino acid
sequence of HA, the presence of two broadly cross-reactive
HA epitopes, 194-WGIHH-198 and 365-WYGYHH-370, was
assumed. McAbs against these synthetic epitope peptides
were obtained. They reacted with porphyrin ring-containing
molecules, including hemoglobin (Hb) and protoporphyrin,
and with numerous types of normal tissue. In conclusion, the
present study identified two broadly cross-reactive epitopes on
HA (194-WGIHH-198 and 365-WYGYHH-370). Antibodies
against these epitopes react with Hb and numerous types
of important normal tissues/organs. These newly identified
cross-reactive epitopes from IAV HA may provide crucial
information for influenza research.

Introduction

Influenza, which is caused by influenza A virus (IAV) infection,
is one of the most common infectious diseases in humans (1).
The clinical symptoms of influenza vary according to the
virulence of the IAV strain and the exposure history, age and
immune status of the host. Seasonal influenza induces serious
illness in 3-5 million people each year, with 2-500,000 deaths
worldwide (2) and ~30,000 deaths in the United States (3). In
addition to annual epidemics, IAV is also the cause of infre-
quent pandemics, which may affect >50% of the population
in a single year and often leads to more severe disease than
epidemic influenza. The 1918 pandemic was accountable for
the death of an estimate of 50-100 million individuals (4,5).
The 2009 HINI1 outbreak in Mexico and the United States
quickly spread to numerous countries in the Americas, Europe
and Asia, to become a new pandemic that seriously threatened
global public health (6).

Vaccination is the most effective method to protect against
TAV infection. Protection against influenza is primarily medi-
ated by neutralizing antibodies against the major viral antigen
hemagglutinin (HA) (7,8). However, seasonal as well as
pandemic influenza occur due to a lack of preformed immunity
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against HA, as it is susceptible to mutation. Epidemic strains
with new epidemiological features will emerge along with the
evolution of HA, which results in new viruses and a lagging
immune protection (8).

The TAV vaccine provides protection to recipients
depending on whether the vaccine matches circulating IAV
strains. A mismatched IAV vaccine will fail to induce protec-
tive immune responses. However, outside their protective or
non-protective effects, current IAV vaccines have side effects,
which may include shock, renal function damage and the
neurologic disorder Guillain-Barre syndrome (GBS) (9). The
symptoms associated with TAV infection and the side effects
of IAV vaccination have been issues for scientists, the vaccine
industry and governments year after year. The mechanisms
of influenza vaccination-associated GBS and numerous other
serious side effects remain to be fully elucidated and continue
to pose risks. For instance, numerous efforts have been made to
determine the association between GBS and anti-ganglioside
antibodies (anti-GM-1), while the involved mechanisms have
remained elusive (10-16). The 1976 swine flu vaccines were
known for resulted in a higher incidence of GBS compared
with unvaccinated people (17,18). Preserved samples of
monovalent and bivalent 1976 vaccines were demonstrated
to induce anti-GM-1 antibodies in mice, as did vaccines
from 1991-1992 and 2004-2005 (10). These studies ruled out
the initial suspicion that the vaccines were contaminated by
moieties including Campylobacter jejuni antigens, which
mimic human gangliosides to elicit an anti-GM-1 antibody
response in susceptible recipients (10); however, questions
remain regarding the other vaccine components.

Cross-protective vaccines (19-22), antibodies (23-26) and
T cells (27-30) against IAV infections have been well studied
and reported. However, the cross-reactive immune response
associated with the pathology of influenza has remained to
be elucidated. By preparing monoclonal antibodies (McAbs)
against HA, the present study successfully obtained a series of
McAbs with a spectrum of cross-reactivities. In addition, two
antigenic epitopes on HA were identified that may induce anti-
bodies with a wide range of cross-reactivity, including that in
nervous tissues, hemoglobin (Hb) and numerous other crucial
types of organs and tissues. This implies that the symptoms
of TAV infection and the side effects of IAV vaccination may
result from immunopathological reactions induced by their
HA cross-reactive epitopes.

Materials and methods

Ethical approval. This study was also performed in strict
accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes
of Health. The protocol was approved by the Committee on the
Ethics of Animal Experiments of Shaanxi Provincial People's
Hospital (Xi'an, China; permit no. 01-0420). All surgeries on
animals were performed under sodium pentobarbital anes-
thesia and every effort was made to minimize suffering.

MCcAb preparation

Immunogens. HA protein vaccine purified from 2009 HINI
lysate is a State Food and Drug Administration-approved
influenza vaccine (cat. no. S20090015; Hualan Vaccine Ltd.,
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Xinxiang, China). The seasonal influenza Al, A3 and B
vaccines were obtained from Dalian Yalifeng Biotechnology,
Ltd. (Dalian, China). The 2009 HIN1 HA epitope polypep-
tides were synthesized by Meilian Biotechnology, Ltd. (Xi'an,
China). Carboxy-terminal polyglutamic acid was added to
facilitate coating onto the ELISA plate and two amino acids
after each epitope were included to reduce the effect of nega-
tive charges of polyglutamic acid. The following epitopes
were used: P11, WGIHH-PS-EEEE corresponding to the 2009
HIN1 HA amino acids 194-198; P14, WYGYHH-QN-EEEE
corresponding to the 2009 HINT HA amino acids 365-370;
P11F, FGIHH-PS-EEEE, modified P11 by substitution of
phenylalanine with tryptophan to disrupt epitope P11; P14R,
WYGYRH-QN-EEEE, modified P14 by substitution of the
first histidine with arginine to disrupt epitope P14.

Antibodies. Five McAbs (H1-13, A1-6, H1-15, A1-10 and
H1-17) against the HA protein of HIN1 influenza virus were
previously prepared in our laboratory (31).

BALB/c mice. A total of 40 female BALB/c mice (age, 8 weeks;
weight, 18+20 g) were obtained from the Laboratory Animal
Center of the Fourth Military Medical University (Xi'an,
China) and maintained at 23°C, with a humidity of 40-70% in
a 12 h light/dark cycle. Mice were provided with free access
to water and food.

Immunization protocol. For the HIN1 vaccine, priming
was performed by subcutaneous injection of 2 ug vaccine
in 0.1 ml phosphate-buffered saline (PBS). Boosting was
performed four weeks later by intraperitoneal injection of
2 pug vaccine in 0.1 ml PBS and an intraperitoneal immuniza-
tion with 2 ug vaccine in 0.1 ml PBS vaccine was performed
three days prior to fusion (6 weeks following first boost). For
epitope polypeptides, 2 ug polypeptide was applied onto a
nitrocellulose membrane, followed by air drying in the hood
and inguinal subcutaneous embedding for priming. After four
weeks, boosting was performed twice with 2 pg/0.1 ml peptide
through intraperitoneal immunizations with a biweekly
interval. A pulse immunization was performed by intraperito-
neal injection of 2 ug/0.1 ml peptide three days prior to fusion.

McAb preparation. The feeder layer cells, immune spleen cells
and myeloma Sp2/0 cells were routinely prepared, and the
hybridoma were prepared using polyethylene glycol-mediated
chemical fusion (31).

Biological characterization of the McAbs. A McAb subtype
identification kit from Southern Biotech (Birmingham, AL,
USA; cat. no. 5300-05) was used to identify the antibody class
and subclass according to the manufacturer's instructions.
The titration of the antibodies was performed as follows:
Serial dilutions of the McAb containing ascetic fluid were
prepared and the antibody reactivity was detected with the
indirect ELISA established in-house (32). The McAD titer was
considered to be the highest dilution determined to display
binding with the cut-off value of antibody optical density at
450 nm (OD,5,)/control OD,5,>2.1 (33). Similar to the indi-
rect ELISA with HA antigen, the specificities of the McAbs
were determined with HA-coated plates (National Vaccine
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and Serum Institute, Beijing, China) and cross-reactivity was
evaluated with heme-protoporphyrin, chlorophyll and vitamin
B12 and Hg-coated plates (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany). The coating concentration for the above
antigens was 2.5 ug/well.

Western blot analysis. The specificity of the McAbs was
analyzed using western blot developed with diaminobenzi-
dine (DAB) substrate. A total of 20 ug of each HA sample
(1.392 mg/ml obtained from HINI vaccine lysate) and each
human leukocyte antigen (HLA)-B27E and each HLA-B27E
protein with a His tag was mixed with an SDS electrophoresis
sample buffer, resolved by 12% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred
onto a nitrocellulose membrane (GE Healthcare Life Sciences,
Little Chalfont, UK). After blocking with 5% skimmed milk
for 30 min at room temperature, the membranes were treated
with HIN1 McAb supernatants of the cultivated hybridoma
at 37°C for 1 h. Membranes were probed with horseradish
peroxidase (HRP)-linked anti-mouse polyclonal secondary
antibody (cat. no. CW102s; 1:2,000) at 37°C for 1 h, and bands
were visualized via chemiluminescence with a DAB substrate
(both from CW Biotech, Beijing, China).

Immunohistochemical staining of the tissue microarray
(TMA). A normal human TMA was purchased from Shaanxi
Chaoying Biotech, Ltd. (Xi'an, China; parent company:
Cybrdi, Frederick, MD, USA), which included 33 human
tissue specimens in duplicates for a total of 66 specimens. The
slide was previously treated with aminopropyltriethoxysilane.
Immunohistochemical staining was performed as previously
described (34). In brief, paraffin sections of tissues were
deparaffinized, hydrated, endogenous peroxidase was blocked
with 3% H,0O, at room temperature for 20 min, followed
by blocking of unspecific binding with buffer containing
goat serum (cat. no. CW2134; CW Biotech) for 30 min. The
samples were stained with primary antibody (McAb super-
natants of cultured hybridoma against HA) at 4°C overnight,
stored at room temperature for 60 min, washed 3 times with
PBS, and incubated with 1:500 HRP-labeled sheep anti-mouse
secondary antibody (cat. no. CW0102S; CW Biotech) at 37°C
for 40 min. After 3 washes with PBS, DAB and hematoxylin
at room temperature for 3 min were added for color develop-
ment and color enhancement, respectively, according to the
manufacturer's instructions.

Immunogold electron microscopic analysis of normal rat brain
tissue. Pre-embedding immunogold-silver cytochemistry was
performed as previously described (35). In brief, 2 healthy
female Sprague Dawley rats (180-220 g) were purchased
from the laboratory animal center of Fourth Military Medical
University and kept under specific pathogen conditions at
23°C with a humidity of 40-70% and a 12 h light/dark cycle.
Rats were provided with free access to food and water. Rats
were intraperitoneally anesthetized with 100 mg/kg sodium
pentobarbital and perfused with 4% paraformaldehyde. The
skull was rapidly opened, and the cerebral cortex tissue was
taken and immersed in 3% glutaraldehyde fixative solution for
3 h. The snap-frozen tissue was sectioned into 60-70 ym slices
using a vibratome (VT1000S; Leica Microsystems, Wetzlar,
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Germany). The slices were transferred to PBS containing 25%
sucrose and 10% glycerol and were soaked for 1 h. After a
repeated freezing and thawing process, the tissue slices were
placed in a blocking solution containing 5% bovine serum
albumin (Takara Biotechnology Co., Ltd., Dalian, China) at
37°C for 4 h. The primary antibody (A1-10 or HI-13; 1:100)
was added, and the tissue slices were incubated overnight at
4°C; after washing the tissue slices with PBS, the secondary
antibody biotinylated goat anti-mouse immunoglobulin (Ig)
G containing gold particles (cat. no. 2002-06D232; 1:200;
Dako; Agilent Technologies, Inc., Santa Clara, CA, USA) was
added, and the slices were incubated overnight at 4°C. After
washing, the sections were fixed with PBS fixation buffer
containing 0.5% osmium tetroxide for 1 h and dehydration
was performed with a gradient series of ethanol. After being
immersed in propylene oxide, the slices were embedded in
Epon-812 resin. After 50 nm ultrathin sectioning, the slices
were counterstained with uranyl acetate and lead citrate. The
sections were observed under a transmission electron micro-
scope (JEOL Ltd., Tokyo, Japan).

Immunoblocking ELISA. After identifying the three
cross-reactive McAbs A1-10, H1-13 and H1-15, their specificity
was further determined with an in-house immunoblocking
ELISA. The 96-well plates were coated with HIN1 influ-
enza vaccine (2.5 pug/ml). After washing three times with
Tris-buffered saline (TBS), antibodies diluted at 1:100 and
pre-reacted with (200 pg/ml) heme, Hg, polypeptide P11 or
polypeptide P14 for 1 h at 37°C were added (100 pl/well),
followed by incubation for | h at 37°C. After washing three
times with TBS, HRP-labeled sheep anti-mouse secondary
antibody (100 pl/well; cat. no. CW0102S; 1:1,000; CW Biotech)
was added, and then the plates were incubated for 1 h at 37°C.
After another three washes, O-phenylenediamine dihydrochlo-
ride (0.4 mg/ml) in 50 mM sodium citrate (pH 5.5) containing
0.03% H,0, was added to each well, followed by incubation
at 37°C for 30 min. A 0.9 M H,SO, solution was added to
terminate the reaction; the OD,;s, nm was then detected using
an ELISA reader.

The relative inhibitor index (RI) was calculated as follows:
RI=(0OD,s, McAb-OD,;, antigen pre-reacted McAb)/OD,s,
McAb. RI=<0.4 indicates that the antibody does not react with
the blocking antigen; RI 0.4-0.8 indicates that the antibody is
reactive with the blocking antigen; R1=0.8 indicates that the
antibody consistently reacted with the blocking antigen.

Statistical analysis. All values are expressed as the
mean + standard deviation. The SPSS 10.0 statistical package
(SPSS Inc., Chicago, IL, USA) was used for all statistical
analyses. Comparisons of group means were performed by
analysis of variance with Newman-Keuls post hoc test. P<0.05
was considered to indicate a statistically significant difference.

Results

McAbs produced by immunization of mice with IAV HA antigen.
Sixty-seven hybridoma cell lines reactive to McAb against
TAV HA antigen were obtained from 3 experiments; among
these, 47 produced IgG class and 20 produced IgM class anti-
bodies; 25 were H1 subtype-specific, and the remaining ones
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Table I. Characterization of the cross-reactivity of McAbs.
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McAb  Igsubtype  Ascitic fluid HA Hg Heme PP Cp VitB12

HI1-13 IgG 10 14.10+£0.26 2.90+0.26" 943+£1.03*  2.53+0.06* 2.17+0.06*  1.93+0.15*
HI-15 IgM 10 3.00£0.26°  6.80+0.35° 9.27+0.31° 3.47+0.64 2.23+0.23>  2.90+0.10°
Al-10 IgM 107 14.33+0.78 497051 1220+0.10> 2430.15° 377006  2.43+0.58°
Al-6 IgG 107 12.23+1.36 1.17£0.21 1.13+£0.15 1.43+0.21 1.07+£0.23 0.93+0.15
H-17 IgM 106 13.37+1.21 1.00+0.10 1.03+0.06 1.13+0.06 1.07£0.12 1.50+0.17

The antibody titer in the ascetic fluid was evaluated by indirect ELISA with an influenza virus A HA-coated plate. The reactivity of each McAb
against the listed antigens was evaluated by ELISA. Results are expressed as the ratio of the optical density at 450 nm of the same antigen to
the respective McAb vs. the Sp20 negative control (McAb/Sp20 or P/N). P/N>2.1 was the cutoff value for a reaction to be considered positive.
1P<0.05, ratio of H1-13 McAD vs. ratio of A1-6 McAb; "P<0.05, ratios of A1-10 and H1-15 McAbs vs. ratio of HI1-17 McAb. HA, hemag-
glutinin; Hg, hemoglobin; PP, protoporphyrin; Cp, chlorophyll; VitB12, vitamin B12; Ig, immunoglobulin; McAb, monoclonal antibody;

P, positive; N, negative.

cross-reacted with the other HA subtypes, including 3 (H1-13,
H1-15 and A1-10) that reacted not only with IAV HA but also
with a wide variety of antigens as previously reported (31,32).
The present study focused on these 3 cross-reactive McAbs.

Characteristics of the cross-reactive McAbs. The titers of
the McAbs against AV HA vary in a considerable range
(as measured by indirect ELISA) from 102 to 107 (Table I).
While a limited number of experiments was performed in the
present study, McAbs with a higher titer usually have a higher
specificity and that McAbs with a lower titer usually have a
lower specificity; however, this is not a universal rule. A group
of 3 lower-titer McAbs (H1-13, H1-15 and A1-10) reacted not
only with TAV HA but also with recombinant proteins with
His-tag that were not associated with HA (Table I and Fig. 1).
Two IVA HI subtype-specific McAbs (A1-6 and H1-17) were
included in this study as controls. The western blot analysis
included the following recombinant proteins with a His-tag:
HLA-B27E. The recombinant proteins without His-tag testing
included HLA-B27E. The 3 McAbs with the lower ELISA
titers reacted with proteins with a His-tag but not with the
recombinant proteins without a His-tag, with the exception of
IAV HA. Fig. 1 displays the results of only HLA-B27E with
and without His-tag as the representation.

The imidazole ring is an important structural feature
of histidine and a the His-tag is composed of a chain of
histidines, rendering it structurally similar to the porphyrin
ring containing four imidazole moieties. Along this line of
reasoning, the cross-reactive McAbs were assessed using
indirect ELISA with porphyrin ring-containing molecules
(including Hg, protoporphyrin, chlorophyll and vitamin B12)
in parallel with TAV HA-coated microwell plates with positive
results from all. This experiment expanded the knowledge on
the cross-reactivity of the McAbs from the His-tag to a spec-
trum of important biomolecules (Table I).

Reactivity of the anti-HA McAbs to human normal tissues.
To accurately determine the reactivity of the cross-reactive
anti-HA McAbs with normal human tissues, they were tested
using a normal human TMA. The results are summarized
in Table II. Fig. 2 displays the reactivity to normal human
brain tissue as an example. All three cross-reactive anti-HA

H1N1 HA HLA-B27E  HLA-B27E protein
antigen protein with a B6-His tag
———
ae T
—
H1-15
—
A1-10
| —
H1-17

Figure 1. Reactivity of the anti-HA McAbs assessed by western blot analysis.
McAbs: H1-13, A1-6, H1-15, A1-10, H1-17. Antigens: HINI HA, HLA-B27E
protein, HLA-B27E protein with a 6-His tag. McAbs, monoclonal antibodies;
HA, hemagglutinin; HLA, human leukocyte antigen.

McAbs consistently reacted with red blood cells, neuronal
cells and certain neurogliocytes. No significant binding was
observed with the other organs assessed. The HA-specific
McAbs A1-6 (IgG) and H1-17 (IgM) were used as an isotype
control; they were not reactive to the TMA.

Anti-HA McAb binds to normal rat brain tissue. In the immune
colloidal gold-silver electron microscopy study, normal rat brain
tissue was stained with the cross-reactive McAb A1-10. The
results indicated that the antibody specifically binds to neuronal
cells of rat brain cortex tissue (Fig. 3). The binding sites were
identified to be located in the neuronal cell cytoplasm (Fig. 3A)
and dendrites (Fig. 3B). However, there was no indication of
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PBS

Figure 2. Cross-reactivity of the anti-HA McAbs in an immunohistochemistry experiment on normal human brain tissues. The slides were stained with anti-HA
McAbs (A) Al-6 (no cross-reactivity, as negative IgG1 isotype control); (B) PBS (negative control); (C) H1-15 (cross-reactive, IgM); (D) H1-13 (cross-reactive,
IgGl); (E) HI-17 (no cross-reactivity, negative IgM control); (F) A1-10 (cross-reactive, IgM). Scale bar, 40 ym. Ig, immunoglobulin; McAbs, monoclonal

antibodies; HA, hemagglutinin.

binding to any specific organelles, and there was no specific
reaction with the neuronal nucleus or surrounding cells.

Prediction and characterization of the cross-reactive epitopes
on IAV HA. Two imidazole-rich clusters were identified by
visually scanning the HA amino acid sequence (Fig. 4B). They
are the P11 (194-WGIHH-198) and P14 (365-WYGHH-370)
epitopes (Fig. 4C). To prove the importance of the imid-
azole ring cluster for these two cross-reactive epitopes,
peptide P11F (FGIHH) were designed by substituting one
imidazole-containing amino acid (tryptophan) with another
aromatic amino acid (phenylalanine). In the same manner,
peptide P14R (WYGYRH) was designed by substituting the
first histidine with another basic amino acid (arginine).

To confirm the selected HA cross-reactive epitopes, two
McAbs were prepared from hybridoma made by the fusion of
Sp2/0 cells with spleen cells of mice immunized with polypep-
tide P11 and P14, respectively. These are P11-Al and P11-A2,
as well as P14-A1 and P14-A2; all of which are IgM class. All
reacted with the two native epitopes but not with the modified
peptides P11F or P14R in the indirect ELISA. This indicated
that a minimum number of imidazole rings is required and
that there were cross-reactions between the two epitopes.

Of note, all of the epitopes reacted with HA and heme more
efficiently than with their own peptides (Table III). This also
indicates that the number of imidazole rings in the antigen
made a difference; the more imidazol rings in the molecule,
the stronger its reaction. In addition, the McAb Hb-A18 gener-
ated by immunizing mice with Hb reacted with heme and the
unassociated HA in the indirect ELISA; this further suggests
the possibility of sharing an epitope between the imidazole
ring-rich molecules including Hg and HA (Table III). The
HA-specific McAb H1-17 was included in the ELISA as a
negative control and system control.

Further confirmation of the broad cross-reactive epitopes of
HA. P11 and P14 are liner epitopes. In the above experiments,
they reacted with HA and other antigens coated on the plate
or attached to the NC membrane after SDS-PAGE, which
means that those antigens may already be denatured. To
confirm these epitopes, they were first reacted with a series
of soluble native antigens to block the McAbs from binding
to HA coated on the microwell plate of the indirect ELISA in
parallel with the McAbs without pre-reaction. As presented
in Fig. 5, protoporphyrin, heme, P11 and P14 efficiently
blocked all 3 cross-reactive McAbs from binding to HA on
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Table III. Epitope specificity of the McAbs.
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Detection antigens

McAbs  Immunization antigens HA Heme Peptide P11 Peptide P14  Peptide P11F  Peptide P14R
P11-Al 11P 4.03+0.67  6.93+0.06 2.73+£0.65 2.97+0.25 1.17£0.21° 1.20£0.10¢
P11-A2 11P 5.00+£098  4.50+0.44 3.36+0.32 2.50+0.35 1.23+0.06° 1.00+0.27¢
P14-A1l 14P 470+0.62  6.83+0.51 3.43+0.76 3.27+0.12 1.50+0.17° 1.17+0.23¢
P14-A2 14P 5.63+0.15  9.67+0.42* 257057 4.03+0.55 1.20+£0.35° 1.37+0.21¢
Hb-A18 Hb 7.23+0.55 15.63+1.65° ND ND ND ND
H1-17 HA 2425+1.06  1.03+0.06* 1.07+0.12 1.03+0.15 1.30+0.10 1.00+0.17¢

The reactivity of each McAb against the listed detection antigens was evaluated by indirect ELISA with an antigen-coated plate. Results
are expressed as the ratio of the optical density at 450 nm of the analyte McAb over that of the Sp20 negative control (McAb/Sp20 or P/N).
P/N=2.1 was the cutoff value for a reaction to be considered as positive. *P<0.05, HA and P11-A2 antibodies antigens vs. Heme group; °P<0.05,
peptide P11 vs. peptide P11F group; “P<0.05, peptide P14 vs. peptide P14F group. P11F, imidazole-rich P11 epitope from HA (FGIHH) with
substitution of one imidazole-containing amino acid (tryptophan) with phenylalanine. P14R, imidazole-rich P14 epitope from HA (WYGYRH)
with substitution of the first histidine with arginine; HA, hemagglutinin; Hb, hemoglobin; ND, not determined; McAb, monoclonal antibody;

P, positive; N, negative.
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Figure 3. Immune colloidal gold electron microscopic analysis of the cross-reactive anti-hemagglutinin monoclonal antibody A1-10 on normal rat brain tissue.

(A) Normal brain neuronal cells and (B) normal dendrites (scale bars, 200 nm).

the ELISA plate. However, neither the modified polypeptide
P11F nor P14R were able to block any of the McAbs. The
HA-specific McAbs Al-16 and H1-17 were included as the
negative control and system control. This result confirmed
that all 3 cross-reactive McAbs react with either of the two
epitopes, which also indicated that the 2 cross-reactive HA
epitopes P11 and P14 are cross-reactive with each other; all
3 cross-reactive McAbs reacted with protoporphyrin, heme,
P11 and P14, not only on the nitrocellulose membrane, but
also in solution.

Discussion

HA is an important glycoprotein of IAV and a major antigenic
component of the TAV vaccine that stimulates the body to
produce protective antibodies. [AV vaccination may produce
side effects or even lead to death. Identification of impuri-
ties in the vaccine has been performed to assess the cause
of these serious side effects (10); however, few efforts were
made to investigate the antigen itself. In the present study,
67 McAbs were prepared with the 2009 HIN1 HA as the
antigen; among these, H1-13, H1-15 and A1-10 exhibited broad

cross-activities. Antibodies against these HA epitopes react
with imidazol ring-containing molecules, including His-tag
and the porphyrin derivatives Hb, protoporphyrin, chlorophyll
and vitamin B12. In addition, the porphyrin ring is the basic
structure for Hg in erythrocytes, myoglobin in muscle cells
and the cytochrome c respiratory chain in the mitochondrial
membrane; thus, the present study speculated and confirmed
that these cross-reactive antibodies may react with various
cells in the body, including heme-rich red blood cells,
myoglobin-rich muscle cells and metabolically active tissues
including bone marrow, the liver and certain glandular tissues.
In addition, the McAb A1-10 was demonstrated to react with
brain cell cytoplasm and dendrites.

The HA protein shares a similar structure with imidazol
ring-rich molecules, including His-tag, which reacted with all
3 cross-reactive McAbs. The antibody binds to the porphyrin
ring-like structure, and the N atom in the imidazolyl group
of histidine and the indolyl group of tryptophan form a coor-
dination bond through binding with a transition metal ion to
form a porphyrin ring-like structure; thus, it was assumed
that a cross-reactive epitope on HA should contain a high
abundance of histidine or tryptophan. By analyzing the amino
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Figure 4. Chemical structures of the imidazole-containing molecules and the cross-reactive epitopes on HA. (A) Chemical structures of the imidazole-con-
taining molecules; (B) HAs include HA1 (black) and HA2 (grey); the spinal peptide and fusion peptide are in bold, and the cross-reactive epitopes P11 and P14
are underlined and bold. (C) The relative positions of the cross-reactive epitopes P11 and P14 on HA. HA, hemagglutinin.

acid sequence of the 2009 HIN1 HA protein, the amino
acid sequences 194-WGIHH-198 and 365-WYGYHH-370
were identified to have the characteristics required to form
a porphyrin ring-like structure. The present results indicated
that substitution of one of these amino acids abrogated the
cross-reactivity of the McAbs, probably by disrupting the
porphyrin ring-like structure. These 2 cross-reactive epitopes
have been recognized as novel HA epitopes (36).

In addition, the antibodies of the HA cross-reactive epit-
opes induced were identified to have similar reactivity to those
of cross-reactive antibodies generated through HA immu-
nization; more interestingly, these antibodies have a higher
reactivity with HA and heme than with the epitopes them-
selves, as HA and heme have more antigenic determinants.

Since the identification of broadly cross-reactive epitopes
on HA, their clinical importance has been studied, including
their roles in influenza symptoms and side effects of IAV
vaccines. Only few studies on the anti-HA antibody-associated
pathological effects of the antibody-dependent enhancement
of infection, and its possible role in the pathogenesis of influ-
enza have been reported (37); however, other speculations have
been made regarding the associations between antibody and
flu pathology. Lung samples of 75 young and middle-aged
patients from the 2009 TAV pandemic demonstrated abnor-
mally elevated C4d levels. C4d usually binds with an immune
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Rl (Relative inhibitor index)
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Figure 5. Cross-reactivity inhibitory assay of the anti-HA McAbs. The
antigens (including heme, protoporphyrin, and P11, P14, P11F and P14R
polypeptides; displayed on the x-axis) were pre-reacted with individual
MCcAD prior to addition to the HA-coated microtiter plate. The y-axis displays
the RI value calculated as RI=(0OD,5, of McAb-OD,s, McAb pre-reacted with
antigen)/OD,s, of McAb. RI<0.4 indicates that the antibody does not react
with the blocking antigen; RI 0.4-0.8 indicates that the antibody is reactive
with the blocking antigen; RI=0.8 indicates that the antibody consistently
reacted with the blocking antigen. 'P<0.05, RI of H1-13 antibody in each
group compared with that of A1-6 antibody (all are IgG subtypes). “P<0.05,
RI of A1-10 and H1-15 antibody in each group are compared with that of
HI1-17 antibody (all are IgM subtypes). P11F, imidazole-rich P11 epitope
from HA (FGIHH) with substitution of one imidazole-containing amino acid
(tryptophan) with phenylalanine; P14R, imidazole-rich P14 epitope from HA
(WYGYRH) with substitution of the first histidine with arginine; RI, rela-
tive inhibitor index; Ig, immunoglobulin; McAbs, monoclonal antibodies;
HA, hemagglutinin; OD,s,, optical density at 450 nm.
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complex; this suggested that severe influenza may result from
pathological damage caused by immune complexes (38).

Cross-reactivity of HA-induced antibodies with heme
may result in serious problems, as hemeproteins have
diverse biological functions, including oxygen transport (Hg,
myoglobin, neuroglobin, cytoglobin, legHg), catalysis (cyto-
chrome P450s, cytochrome ¢ oxidase, ligninases, peroxidases),
electron transfer/transport (cytochrome a-c), sensory disam-
biguation (oxygen sensor FixL, soluble guanylyl cyclase, CO
sensor CooA) and defense (catalase). The HA cross-reactive
epitope-induced antibodies strongly bind with numerous
important tissue types and organs; thus, HA-associated auto-
immunopathology should be addressed.

Any hemeprotein malfunction may cause specific diseases.
In addition, HA cross-reactive epitope-induced antibodies,
which bind with hemoproteins, may induce malfunction.
For instance, studies regarding Hb release in IAV infection
are lacking; however, this is likely to occur, as HA interacts
with erythrocytes, and the release of Hb occurs in certain
infectious and autoimmune diseases (39). Hb also occurs
outside of red blood cells and their progenitor lines. Other
cell types that contain Hb include mesangial cells in the
kidney, macrophages, alveolar cells and the A9 dopaminergic
neurons in the substantia nigra. In these tissues, Hg has a
non-oxygen-carrying function as a regulator of iron metabo-
lism and an antioxidant (40). The autoantibody to human Hb
was identified in the sera of patients with malaria, leishmania
and systemic lupus erythematosus. Serum Hb antibody levels
in lupus-prone mice also exhibited an age-dependent increase,
with progressive organ sequestration. A suggestive link
between anti-Hb and anti-Smith antibody responses was also
observed (39). Myoglobin was identified in vertebrate muscle
cells, including myocardial cells. Myocarditis is a common and
severe complication of influenza (41); however, the underlying
mechanism have remained elusive.

In conclusion, the present study identified 2 broad
cross-reactive epitopes on HA, P11 (194-WGIHH-198) and
P14 (365-WYGYHH-370), and demonstrated that antibodies
against these epitopes react with Hb and numerous important
normal tissue/organ types. Further study into whether such
antibodies are involved in reducing anti-IAV immunity (42,43)
and immunopathological damage, as well as whether
cross-reactive epitopes are associated with severe symptoms of
influenza infection and serious adverse reactions to influenza
vaccination may provide critical insight for influenza research
and management.
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