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a  b  s  t  r  a  c  t

To  characterize  the  antigenic  epitopes  of  the  hemagglutinin  (HA)  protein  of  H1N1  influenza  virus,  a panel
consisting  of  84  clones  of murine  monoclonal  antibodies  (mAbs)  were  generated  using  the  HA  proteins
from  the  2009  pandemic  H1N1  vaccine  lysate  and  the  seasonal  influenza  H1N1(A1)  vaccines.  Thirty-three
(39%)  of  the  84  mAbs  were  found  to be strain-specific,  and  6  (7%)  of the  84 mAbs  were  subtype-specific.
Twenty  (24%)  of  the 84  mAbs  recognized  the  common  HA epitopes  shared  by 2009  pandemic  H1N1,  sea-
sonal A1  (H1N1),  and  A3  (H3N2)  influenza  viruses.  Twenty-five  of  the  84  clones  recognized  the  common
HA  epitopes  shared  by the  2009  pandemic  H1N1,  seasonal  A1  (H1N1)  and  A3  (H3N2)  human  influenza
viruses,  and  H5N1  and H9N2  avian  influenza  viruses.  We  found  that  of the  16  (19%)  clones  of  the  84
mAbs  panel  that  were  cross-reactive  with  human  respiratory  pathogens,  15  were  made using the  HA
of  the  seasonal  A1 (H1N1)  virus  and 1 was  made  using  the  HA  of  the  2009  pandemic  H1N1  influenza
virus.  Immunohistochemical  analysis  of  the  tissue  microarray  (TMA)  showed  that  4  of  the  84  mAb  clones
cross-reacted  with  human  tissue  (brain  and  pancreas).  Our  results  indicated  that  the influenza  virus  HA

antigenic epitopes  not  only  induce  type-,  subtype-,  and  strain-specific  monoclonal  antibodies  against
influenza  A virus  but  also  cross-reactive  monoclonal  antibodies  against  human  tissues.  Further  inves-
tigations  of  these  cross-reactive  (heterophilic)  epitopes  may  significantly  improve  our  understanding
of  viral  antigenic  variation,  epidemics,  pathophysiologic  mechanisms,  and  adverse  effects  of  influenza
vaccines.

©  2015  Elsevier  GmbH.  All  rights  reserved.
ntroduction

Influenza A virus (IAV), which possesses the capacity to infect
umans, mammals, birds and poultry, has caused considerable
ealth and economic threats globally (Webster et al., 1992). IAV
elongs to the Orthomyxoviridae family and is a single stranded
egative sense RNA virus with eight RNA segments encoding at

east 11 proteins. Hemagglutinin (HA), encoded by the fourth RNA

egment, is the major membrane glycoprotein that mediates viral
ttachment and fusion and determines pathogenicity and viru-
ence. Neuraminidase (NA), encoded by the sixth RNA fragment,
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is the second major membrane glycoprotein. Both HA and NA are
crucial antigenic components of the virus. Due to immune selection
pressures, low fidelity of RNA transcription, and RNA reassortment
of the viral genome, a variety of genetic and immunogenic HA and
NA variants emerge constantly. Up to now, 18 HA and 9 NA sub-
types of type A influenza virus have been identified (Tong et al.,
2013).

In the 21st century, the pandemic H1N1 influenza virus emerged
in 2009 from Mexico and quickly spread all over the world
(WHO, 2012). In the first year of infection alone, H1N1 caused
151,700–575,400 deaths, and there were an estimated 60 mil-
lion cases of the 2009 H1N1 pandemic strain and a number of
severe cases in young adults without underlying disease (cdc.gov).

People at higher risk of serious complications include the elderly
(>65 years), younger children (<5), and pregnant women. In severe
cases, symptoms included pneumonia, respiratory failure, throm-
bocytopenia and death (Desdouits et al., 2013; Guedj et al., 2012;

dx.doi.org/10.1016/j.imbio.2015.02.002
http://www.sciencedirect.com/science/journal/01712985
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ammas  et al., 2011). Vaccination is the best preventive strategy
gainst influenza. The safety and efficacy of the vaccine for the
009 pandemic H1N1 strain was evaluated (Liang et al., 2010),
nd the adverse events associated with 2009 H1N1 vaccination
aised concerns that affected the large-scale administration of the
nfluenza vaccine (CDC, 2009; Williams et al., 2011; Choe et al.,
011). Guillain–Barre syndrome was one of the several adverse
vents observed after vaccination with the 2009 H1N1 vaccine
Deeks et al., 2011; Greenberg et al., 2009). However, the patho-
ogical mechanisms underlying influenza A virus infection and
accine-induced serious adverse reactions are still poorly under-
tood. Monsalvo et al. (2011) found non-protective antibodies in
he sera from patients with severe pandemic 2009 H1N1 influenza
isease, and these non-protective-antibodies were found to be
ssociated with immune complexes. We  hypothesized that autoim-
unity plays a role in the development of severe symptoms after

irus infection and vaccination-related adverse events (Ahmed
t al., 2014; Perdan-Pirkmajer et al., 2012). However, more evidence
s required in support of this hypothesis.

Studies on mechanisms of microbial infection and immu-
ity have revealed the presence of heterophilic antigens (also
alled molecular mimicry) that are associated with pathogenic
icroorganism-triggered infections. For example, shared anti-

ens have been identified between the hemolytic streptococcus
olysaccharide and protein and the human glomerular base-
ent membrane. The anti-streptococcal antibodies produced upon

emolytic streptococci infection bind to the glomerular basement
embrane causing glomerulonephritis (Kraus and Beachey, 1998).
oreover, antigens shared by Escherichia coli O14 type lipopolysac-

haride and human colonic mucosa have been related to the
athogenesis of ulcerative colitis caused by E. coli O14 (Laercrantz
t al., 1968). Anti-autoantibodies have also been identified in lung
issue from patients with atypical pneumonia infected with coro-
avirus (Li et al., 2005).

In addition to their role in receptor binding, fusion, and assem-
ly, influenza virus HA is also the major antigenic determinant

nducing the adaptive immune response of the host. We  specu-
ated that H1N1 influenza virus HA and human tissues/cells have
ommon (heterophilic) epitopes, which could induce a heterophilic
ntibody response in infected hosts. These heterophilic antibodies
ay be involved in the pathogenicity of influenza virus infection

nd the mechanisms of vaccine-induced adverse reactions.
To provide evidence for our hypothesis, 84 clones of mono-

lonal antibodies were generated using the HA proteins from
he influenza A/2009 H1N1 vaccine lysate and the seasonal A1
accine. The cross-reactivity of these mAbs against different sub-
ypes of influenza virus, respiratory pathogens, and human tissue
as evaluated. Our results suggested that there are shared epi-

opes between influenza virus HA antigen, certain of respiratory
athogens, and some human tissues. Further studies of these cross-
eactive epitopes in the H1N1 HA protein will significantly improve
ur understanding of epitope evolution, virus epidemic, patho-
hysiologic mechanisms of infection and vaccine-induced adverse
vents.

ethods and materials

mmunogens and chemicals

HA protein from 2009 H1N1 vaccine lysate, the vaccine was
repared from A/California/7/2009-NYMC X-179A by Hualan Vac-

ine Ltd. (Xinxiang, China) and approved by State Food and Drug
dministration (SFDA, S20090015). The seasonal influenza A1, A3

A1 from A/Brisbane/59/2007, A3 from A/Victoria/210/2009 NYMC
-187) vaccines were obtained from Dalian Yalifeng Biotechnology
gy 220 (2015) 941–946

Ltd. (Dalian, China). Respiratory pathogens (respiratory syncytial
virus (RSV), 1,2,3-type parainfluenza virus (PIV1,2,3), adenovirus
(AdV), Mycoplasma pneumoniae, and Chlamydia pneumoniae were
purchased from Bio Co., Ltd. Shenzhen Fei Peng. Mouse myeloma
cells (Sp2/0) were purchased from ATCC. BALB/c mice (8 weeks
old, female) were purchased from Experimental Animal Center
of the Fourth Military Medical University. HRP-labeled goat anti-
mouse secondary antibody was  purchased from Zhongshan Golden
Bridge Company. Polyethylene glycol (PEG) was purchased from
Sigma. The mAb  subtype identification kit SBA ClonotypingTM Sys-
tem/HRP was  obtained from Southern Biotech Inc. HAT and cell
culture medium with bovine serum (DMEM) were purchased from
Gibco. Human tissue chips were purchased from Shaanxi Chaoying
Biotech Co., and tissue immunohistochemical staining kit was pur-
chased from Beijing Zhongshan Golden Bridge Biotechnology Co.,
Ltd.

Mice immunization

All experimental mice were fed sterilized water and feed. Mice
(6–8 weeks old) were immunized with 25 �g antigen (2009 H1N1
vaccine lysate and seasonal influenza A1) by the intraperitoneal
route in 0.1 mL  of PBS emulsified with an equal amount of Freund’s
complete adjuvant. Booster immunizations were administered
intraperitoneally at the same dose but emulsified with Freund’s
incomplete adjuvant.

mAb production

Hybridoma cell fusion, screening and cloning was  carried out
according to a previously published protocol (Naundorf et al.,
2002). Briefly, the spleen cells of immunized mice were fused with
myeloma SP2/0 cells at a ratio of 10:1 (spleen:SP 2/0). The fused
cell mix  was  allowed to proliferate in hypoxanthine aminopterin
thymidine (HAT) supplemented medium in 96-well plates incu-
bated in 5% CO2 for 7–10 days in a 37 ◦C water bath. After adding
1 mL  fusogen to the stirred cells, the cells were allowed to stand
at 37 ◦Cfor 45 s and then 1 mL  of serum-free DMEM was added.
A total of 3 mL  of serum-free DMEM was finally added to termi-
nate the integration effect of the fusing agent. After centrifuging the
cells, the supernatant was discarded and 60 mL  HAT medium was
slowly added to the cells. Subsequently, the cells were resuspended
gently and plated in a pre-prepared 96-well plate at 100 �L/well.
After fusion, the cell fusion medium was  changed once every 3 days.
Between day 3 and day 6, half the medium was  replaced with HAT
selection medium. On day 9 and day 12 the medium was  replaced
with HT culture medium. When the fused cells proliferated and set-
tled at the bottom of the wells, 10–50% positive antibody-secreting
cells were screened via indirect ELISA using the H1N1 HA protein.
The positive cells were subcloned using the limited dilution method
and purified by subcloning 3 times to establish stable hybridoma
cell lines. Stable lines were cultured and frozen at −20 ◦C for future
use.

Characterization of the mAbs

Isotyping of the mAbs was performed with the Isotyping kit (SBA
ClonotypingTM System/HRP) according to the instruction manual.

Specificity testing of purified mAbs
Indirect ELISA was  conducted for specificity testing of the
84 mAbs. Reactivity of the mAbs against the H1N1 influenza
virus HA vaccine, the seasonal influenza vaccine (A1, A3), avian
influenza (H5N1 and H9N2), RSV, PIV1,2,3, AdV, M.  pneumoniae, and
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Table 1
Ig subclass identification and HI test of the 84 mAb  clones.

Ig typing Hybridoma cell lines HI positive cell lines

A1 mAb 2009 H1N1 mAb  A1 mAb  2009 H1N1 mAb

IgG1 23 22 15 12
IgG2a 1 0 1 0
IgG2b 5 3 4 2
IgG3 0 8 0 5
IgM 17 2 10 1
IgA 0 3 0 3

which 2 (A1-10 and H1-84) reacted with human brain tissue and
C.-y. Guo et al. / Immun

. pneumoniae was evaluated. The allantoic fluid and SP2/0 cells
ere used as the negative controls.

emagglutinin (HA) and hemagglutination inhibition (HI) test

HA and HI tests were performed according to a previously pub-
ished protocol (Yin and Liu, 1997). A 2-fold serial dilution of the
009 H1N1 virus and seasonal influenza virus A1 was  plated in
6-well U-bottomed microtiter plates (100 �l/well) with an equal
olume of 0.5% chicken erythrocytes. After incubating the cells at
7 ◦C for 1 h, the HA titer of each virus was measured. For the HI test,
0 �l of 4 HA units of different subtypes of the influenza virus and
0 �l of a 2-fold serially diluted mAbs mixture were added to each
ell of the 96-well U-bottomed microtiter plate, mixed well, and

ncubated at 37 ◦C for 30 min. In the next step, 50 �l of 0.5% chicken
rythrocytes were added to each well, mixed well, and incubated
gain at 37 ◦C or 30 min. HI titer was determined as the highest
ilution of the virus that prevented hemagglutination.

mmunohistochemistry

Cross-reaction of H1N1 HA mAbs with human tissues was
xamined via immunohistochemical staining of tissue histologi-
al sections. Briefly, paraffin sections of tissue were deparaffinized,
ydrated, blocked with endogenous peroxidase at room temper-
ture for 20 min  with 3% H2O2, and then blocked with buffer
ontaining goat serum for 30 min. The samples were stained with
rimary antibody (mAbs) at 4 ◦C overnight, kept at room temper-
ture for 60 min, washed 3 times with PBS, and incubated with
RP-labeled sheep anti-mouse secondary antibody at 37 ◦C for
0 min. After 3 washes with PBS, diaminobenzidine (DAB) and
ematoxylin were added for color development and color enhance-
ent, respectively, according to the manufacturer’s instructions.

estern blot

A total of 20 �g of each HA sample (1.392 mg/ml  obtained from
1N1 vaccine lysate) was mixed with SDS electrophoresis sam-
le buffer and resolved on a 12% SDS-PAGE gel, and transferred
nto a nitrocellulose membrane. After blocking with 5% skimmed
ilk, the membranes were treated with H1N1 mAb  supernatants.
embranes were probed with HRP-linked anti-mouse polyclonal

econdary antibody and bands visualized via chemiluminescence
sing the ECL reagent.

esults

eneration and characterization of the H1N1 mAb panel
hybridoma cell lines)

Using conventional hybridoma technology, a panel of 84 clones
f murine monoclonal antibodies were generated using the HA
roteins from the 2009 pandemic H1N1 vaccine lysate and the sea-
onal influenza A1 vaccines. A total of 38 of the 84 mAb  clones
ere against the 2009 pandemic H1N1 vaccine lysate (H1+33–84)

nd 46 of the 84 mAb  clones were against the seasonal influenza
1 vaccines lysate (H1+1–32). After subculturing for three months,

he hybridoma cell lines were still found to stably secrete antibod-
es. Hybridoma cell lines frozen in liquid nitrogen were found to
row well for at least three months after recovery and continued
o secrete consistent levels of antibody.
sotyping and HI assay

The light chains of all the 84 mAb  clones obtained were found to
e � chains, whereas IgG1 and IgM accounted for a large proportion
Total 46 38 30 23

of the heavy chains. Sixty three percent (53/84) of the mAb had HI
activity (see Table 1 for detailed characteristics).

Specificity and cross-reactivity of the mAbs

ELISA was performed to determine the specificity and cross-
reactivity of the 84 mAbs against the 2009 H1N1 influenza virus
vaccine, the seasonal influenza virus A1 and A3 vaccines, and avian
flu H5N1 and H9N2 vaccines. Allantoic fluid and SP2/0 ascites were
used as negative controls.

Based on their reaction with different subtypes of influenza
virus antigen, the mAbs were divided into four categories: (a)
2009 (H1N1) and A1 strain-specific mAbs, (b) 2009 (H1N1) and A1
subtype-specific mAbs, (c) mAbs against 2009 (H1N1) and seasonal
influenza viruses with A1 and A3 antigens, and (d) mABs against the
common influenza virus antigen shared by 2009 Influenza H1N1
vaccine, seasonal A1 and A3 vaccines, and the avian influenza H5N1
and H9N2 vaccines (Table 2).

From the results shown in Table 2, it can be concluded that
29% (11/38) of the strain-specific mAb  are against the 2009 H1N1
vaccine, of which eight have HI activity, and 48% (22/46) of the
strain-specific mAb  are against the seasonal A1 vaccine, of which
16 have HI activity. The second category included 6 specific mAbs
against the H1 subtype of influenza virus HA protein, account-
ing for 7% of the panel (6/84) of which four have HI activity.
The third category included mAbs reactive against the HA epi-
topes in the 2009 influenza H1N1 and seasonal influenza virus
A1 and A3, accounting for 24% (20/84) of the total mAbs, of
which eight mAbs have HI activity. Antibodies in the fourth cat-
egory were specific to the HA protein epitopes shared by the
2009 H1N1, seasonal A1 and A3, and avian influenza vaccines,
accounting for 30% (25/84) of the panel, of which 17 have HI
activity.

In the cross-reaction test using ELISA, 16 of the 84 mAbs
were found to have different degrees of cross-reactivity with
parainfluenza 1–3, respiratory syncytial virus, adenovirus,  M.  pneu-
moniae, C. pneumoniae. Of these 16 mAbs, 15 were against the
seasonal A1 antigen and only one against the 2009 H1N1 antigen
(Table 3).

Immunohistochemistry (reaction of mAbs with human tissue
chips)

Cross-reaction of the 84 mAbs with human tissue was screened
via microarray immunohistochemical staining. Our  results showed
that four mAb  clones were cross-reactive with human tissue, of
2 (H1-55 and H1-17) with pancreatic tissue (see Table 4). The A1-
10 monoclonal antibody reacted with tissues of the cerebral cortex
and the nucleus of horny, whereas H1-17 and H1-55 reacted with
islet � cells (Fig. 1).
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Table 2
mAb  cross-reactivity with various subtypes of influenza virus.

mAb  category Number of hybridoma 2009 H1N1 antigen Seasonal A1 antigen HI positive

Strain specific 2009 H1N1 11 11 0 8
Seasonal A1 22 0 22 16

H1  subtype 2009 H1N1 and
seasonal A1

6 4 2 4

2009  H1N1 and
seasonal A1, A3
common antigen

2009 H1N1 and
seasonal A1/A3

20 11 9 8

Common antigen
shared by

2009 H1N1, seasonal
A1, A3, avian flu H5N1
and H9N2

25 12 13 17

Total  84 38 46 53

Table 3
mAb  cross-reaction with other respiratory pathogens.

mAb category cross-reaction Respiratory pathogens Mycoplasma pneumoniae Chlamydia pneumoniae

PIV1 PIV2 PIV3 RSV ADV

Seasonal A1 mAb  (15/46) 2 1 4 2 

2009  H1N1 mAb  (1/38) 0 0 1 0 

16/84 2/84 1/84 5/84 2/84 

Table 4
mAbs cross-reactive with human tissue.

Tissues Monoclonal antibodies

W

t
4
p

F
c
t

Brain A1-10 H1-84
Pancreatic H1-17 H1-55

estern blotting analysis
Four mAbs with cross-reactivity against human tissue were fur-
her tested using Western blotting analysis. Fig. 2 shows that the

 mAbs cross-reactive against human tissues react with the HA
rotein of influenza virus H1N1.

ig. 1. Screening of cross-reactivity of the mAbs against human tissues. (A) Monoclonal a
ells  are visible in brown. (B) PBS and human pancreatic tissue cells without staining. (C) 

he  cerebral cortex star horny nuclei is stained brown. (D) PBS and brain tissue.
15 1 0
0 1 1
15/84 2/84 1/84

Discussion

The application of monoclonal antibodies has made it possible to
study individual antigen and antibody molecules in depth. Till date
the application of monoclonal antibodies against influenza virus
has mainly been concentrated on diagnosis, immunotherapy and
prophylaxis. The pathological mechanisms underlying the severe
symptoms of the 2009 pandemic H1N1 influenza virus infection
and the severe adverse events after vaccination are still poorly

understood. A panel of 84 clones of murine monoclonal antibod-
ies (mAbs) were successfully generated using the HA proteins from
the 2009 pandemic H1N1 vaccine lysate and the seasonal influenza
A1 vaccines. Among the 84 clones of mAbs obtained, 38 (H1N1)

ntibody H1-17 cross-reaction with human pancreatic tissue. The surrounding islet
Monoclonal antibody A1-10 cross-reaction with human brain tissue. Visible part of
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Fig. 2. Western blot identification of the specificity of the 4 clones of mAbs with
cross-reactivity against human tissues. Lane 1: monoclonal antibody A1-10; lane
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:  monoclonal antibody H1-84; lane 3: monoclonal antibody H1-17; lane 4: mono-
lonal antibodyH1-55.

ere made from the 2009 H1N1 influenza vaccine (for exam-
le, H1N1 A/South Carolina/1918 (A/SC/1918)), 46 from seasonal

nfluenza A1 vaccine (add information same as before). Forty six of
he mABs were found to belong to the IgM subclass1, and because
olysaccharide antigens are known to easily elicit IgM antibod-

es, it was suggested that some of the antibodies in the panel
ight be specific to polysaccharide epitopes on the H1 glycopro-

ein.
The results of mAb  characterization (Table 2) suggested the

ollowing: (I) there are different strain-specific HA epitopes in
he 2009 pandemic H1N1 and seasonal A1 influenza viruses, (II)
009 pandemic H1N1 and the seasonal A1 influenza viruses share
ommon H1 subtype epitopes, (III) 2009 pandemic H1N1 and the
easonal A1, and A3 influenza viruses share common epitopes, and
IV) there are shared HA epitopes between the 2009 pandemic
1N1, seasonal A1 and A3, and avian influenza H5N1 and H9N2
iruses.

Of the 25 mAbs that showed cross-reactivity with the 2009
andemic H1N1, seasonal A1 and A3, and avian influenza H5N1
nd H9N2 viruses, 16 had HI activity, suggesting that this category
f Abs are endowed with heterosubtypic neutralizing activity and
ave potential application in the design of ‘universal’ prophylactic
r therapeutic tools (Corti et al., 2011).

More interestingly, immunohistochemical staining (Table 4)
evealed 4 mAb  clones with different degrees of binding affinity
o brain, pancreas or other human tissues. These results suggested
hat antigenic mimics or heterophilic antigenic epitopes are shared
etween influenza virus HA protein and human tissues (brain and
ancreas). Because such heterophilic antigenic epitopes are capa-
le of inducing autoimmunity in the host, they may  be involved

n the pathological mechanisms underlying 2009 H1N1 influenza
irus infection and vaccine-triggered adverse events. Based on pre-
ious studies on some heterophilic antigenic epitopes shared by
athogenic microorganisms and human tissue (Kraus and Beachey,
998; Laercrantz et al., 1968), we proposed that autoimmunity

nduced by the influenza HA protein might play a role in the patho-
enesis associated with influenza virus infection and vaccination.
arlo Garzelli et al. found that the monoclonal antibody secreted
y Epstein–Barr virus-transformed lymphocytes could react with
ultiple organs including the thyroid, pancreas, stomach, muscles

nd nerves, indicating that Epstein–Barr virus can induce autoan-
ibodies (Naundorf et al., 2002). Srinivasappa et al. (1968) reported
hat 600 mAb  clones prepared using 11 viral antigens were able
o react with 14 different organs from normal uninfected mice.
pproximately 3.5% of these mAbs (21/600) reacted with specific

ypes of cells from these organs. Therefore, viral infections might
timulate autoimmune reactions.

Widespread implementation of the influenza vaccination pro-
ram is the most effective prevention strategy to help high-risk
opulations establish an immune barrier from influenza infection.

owever, rare severe adverse events (Guillain–Barre syndrome)
fter large-scale vaccination raised some concerns (Vellozzi et al.,
010; Evans et al., 2009). Two of the 84 mAbs generated in our study
ere capable of binding to human brain tissue. These two  clones
gy 220 (2015) 941–946 945

may  be useful tools to further understand whether the develop-
ment of Guillain–Barre syndrome is related to influenza vaccination
or not. In addition, 2 more clones were found to react with human
islet � cells (data to be published). Our study suggests that autoim-
munity might be induced by influenza infection and vaccination.
Further investigation of the pathological mechanisms of influenza
infection and vaccine-induced adverse events using these 4 cross-
reactive mAbs is currently underway in our laboratory.

Conclusion

In summary, a panel of 84 mAbs were generated using the
HA proteins from the pandemic H1N1 2009 and the seasonal
influenza A1 virus. One group of mAbs that have cross-reactive
activity against the 2009 pandemic H1N1, seasonal A1/A3 (what
A1, A3), and avian influenza H5N1 and H9N2 viruses, have potential
application in the design of ‘universal’ prophylactic or therapeutic
strategies. More interestingly, we generated four mAbs that cross-
react with human tissues, and could provide a practical tool to
further elucidate the mechanisms associated with influenza infec-
tion and vaccine-induced adverse events.
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