
INTRODUCTION

Influenza A pandemics have been devastating for the

human population health and world economy [1]. In the

past 100 years, there have been four influenza pandemics

that have caused hundreds of millions of infections and

tens of millions of deaths [2]. These four influenza pan�

demics have affected many world regions, so prevention

and control of influenza A virus remains both national

and global issues.

Currently, vaccination is the best way to prevent and

control influenza infection. The vaccine quality is deter�

mined by two indicators: protection and safety. Although

the use of influenza A vaccine ensures immune protec�

tion [3, 4], some people suffer from the adverse reactions

of the nervous system following vaccination, which raises

serious concerns about the vaccine safety. The major

adverse reactions include the Guillain–Barre syn�

drome [5], acute disseminated encephalomyelitis [6], and

narcolepsy [7], although death is rare. The reasons for

such adverse reactions remain unclear.

It has been reported for nearly a century that many

pathogenic microorganisms and their products can medi�

ate disease�related injury through heterophile antigens.

Heterophile antigens are antigens of similar nature that

are present in human, animal, plant and microbial tissues

and are shared by different species. Since the first het�

erophile antigen was discovered by Forssman, it has

become known as the Forssman antigen [8]. According to

the literature reports, nucleoprotein of the H1N1 influen�

za vaccine (Pandemrix vaccine component) and hypocre�

tin receptor 2 antigen have similar fragments leading to

the cross�binding of antibodies produced against nucleo�

protein in the H1N1 influenza vaccine to hypocretin

receptor 2, thus causing narcolepsy [9]. The damage

caused by the immune cross�recognition of heterophile

antigens in microorganisms and human tissues is an

important factor in the development of narcolepsy after

influenza A vaccination.
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the HA structure, it has to be altered via introducing point mutations by site�directed mutagenesis. This will provide an
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In our previous experiment, we obtained 84 mono�

clonal antibodies (mAbs) using hemagglutinin (HA) of

the H1N1 influenza vaccine as an immunogen. It was

found that H1�84mAb not only recognized a nine�amino

acid (a.a). linear epitope 191�LVLWGIHHP�199 of HA,

but also cross�bound to the human brain tissue [10, 11].

H1�84mAb also reacted with heterogeneous nuclear

ribonucleoproteins (hnRNPs) A1 and A2/B1 [12], indi�

cating that HA191�LVLWGIHHP�199 and hnRNPA1

and A2/B1 are heterophile antigens. In theory, H1�

84mAb produced against the influenza virus HA antigen

can cross�recognize heterophile antigen hnRNPA1 and

A2/B1 and mediate the damage of brain or neural cells.

Thus, multiple sclerosis patients produce antibodies

against hnRNPA1, which leads to neuronal dysfunc�

tion [13]. Therefore, we speculated that H1�84mAb may

mediate neuronal cell damage.

Using immunological and bioinformatics methods,

as well as, experiments in cells, we demonstrated that H1�

84mAb against influenza A virus can mediate neural cell

damage. The HA191/199 fragment, to which H1�84mAb

binds, is the key region affecting the overall structure of

the HA head. We believe that this information will provide

innovative theoretical support for the construction of a

safe influenza A vaccine.

MATERIALS AND METHODS

Materials. Human neuroblastoma SHSY5Y cell line

and rat primary neuroastrocytes were purchased from the

American type culture collection (ATCC). H1�84mAb

against the H1N1 influenza virus HA was produced in

our laboratory. Fetal calf serum, penicillin, strepto�

mycin, DMEM, and neuroastrocyte culture medium

were from Beijing Zhong Shan Jin Qiao Company

(China); FOXP3 fixation/permeabilization buffer and

fluorescein�labeled goat anti�mouse IgG were from Life

Technologies (USA).

Preparation and identification of mAbs. All animal

experiments were approved by the Institutional Animal

Care and Use Committee of Shaanxi Provincial People’s

Hospital (Shaanxi, Xi’an, China). mAbs against the

H1N1 influenza virus HA protein were produced earlier

in our laboratory and titrated with the HA antigen by

indirect ELISA [11]. Isotyping of the mAbs was per�

formed with SBAClonotyping TMSystem/HRP isotyping

kit according to the manual. mAbs recognizing HA anti�

genic epitopes were identified by blocking ELISA [10].

Cell culture. Human neuroblastoma SHSY5Y cells

stored in liquid nitrogen were plated and cultured in

DMEM containing 10% fetal calf serum, 100 U/ml peni�

cillin, and 25 μg/ml streptomycin. Neuroastrocytes were

cultured in a special medium for this type of cells under

the same conditions as SHSY5Y cells. The medium was

replaced when the cells grew to 80% confluency. The

experiments were carried out after incubating the cells in

a serum�free medium for 24 h.

The binding of H1�84mAb to neural cells was detect�

ed by flow cytometry. Neural cells were cultured for 48 h,

trypsinized, and washed with the medium twice. The cells

were then incubated with 1 ml of 1 × FOXP3 Perm buffer

at room temperature for 30 min (the neural cells untreat�

ed by 1 × FOXP3 Perm buffer were used as controls),

washed with PBS three times, and incubated with H1�

84mAb (1 : 100) at 37°C for 30 min (isotype antibodies

were used as a control). The cells were washed with PBS

twice, incubated with fluorescein�labeled goat anti�

mouse IgG (1 : 200) at 37°C for 30 min, washed with PBS

for three times, and detected by flow cytometry.

Detection of H1�84mAb binding to neurons by
immunofluorescence staining. The slides with neural cells

were washed with PBS three times, fixed with 4%

paraformaldehyde for 15 min, washed with PBS three

times, permeabilized with 0.5% Triton X�100 at room

temperature for 20 min, and washed with PBS three

times. Normal goat serum was added to the cells, and the

slides were sealed at room temperature for 30 min. The

slides were then washed with PBS three times and incu�

bated with H1�84mAb (dilution, 1 : 100) at 37°C for 1 h

(isotype antibodies were used as a control), washed with

PBS five times, and incubated with the fluorescent sec�

ondary antibody (dilution, 1 : 200) at 37°C for 1 h. The

slides were washed with PBS three times, and the stained

cells were observed under a fluorescence microscope.

Detection of H1�84mAb binding to neural cells by cell
ELISA. The cells were seeded in a 96�well plate at a den�

sity of 1 × 104 cells/well and incubated at 37°C overnight.

The next day, the wells were washed with PBS three times

and the cells were fixed with 10% formalin (1 : 10 dilu�

tion; 125 μl/well) at room temperature for 15 min. The

cells were washed with PBST three times, and 150 μl of

1% BSA was added to each well at 37°C for 1 h. Next, the

cells were incubated with H1�84mAb for 1 h 37°C (H1�

247mAb was used as a negative control). After washing

three times, 100 μl HRP�labelled goat anti�mouse sec�

ondary antibody (1 : 2500 dilution) was added to each

well and the cells were incubated at 37°C for 1 h. Next,

100 μl of TMB�H2O2 chromogenic solution was added to

each well and incubated for 10 min at 37°C in the dark.

The reaction was terminated with 2M H2SO4 (50 μl/well).

The amount of bound antibodies was measured with an

ELISA reader from absorbance at 450 nm (OD450) and

the ratio between OD450 in the tested samples and nega�

tive control was calculated. Samples with the ratio >2.1

were considered to react with the antibody.

Treatment of neurons with H1�84mAb. Neural cells

were preincubated with 1 ml 1× FOXP3 Perm buffer at 37°

for 20 min. The buffer was discarded and H1�84mAb

(0.5 μg/μl) was added to the wells (∼105 cells/well), and

cultured at 37°C for 24 h. The next day, the neural cells

treated with H1�84mAb were cultured at room tempera�
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ture for 20 min (isotypic antibodies were used as a con�

trol). The culture medium was added to the well to a total

volume of 500 μl.

Computer prediction of HA structural changes after
removal of the HA191/199 region. The homologous

model was established based on the X�ray crystal structure

of the HA protein (PDB: 3LZG). The HA sequence pro�

tein was 99% similar to the sequence of the 2009 H1N1

influenza virus. The position of the 9�mer linear epitope

(191�LVLWGIHHP�199) of the H1N1 influenza virus

HA recognized by H1�84mAb in the HA crystal structure

was analyzed with the PyMOL software. Modeller soft�

ware was used for homologous modeling of the HA anti�

gen with the removed 191/199 region. The MOE software

was used for molecular dynamics simulation, in combina�

tion with the PyMOL software, to observe changes in the

HA structure after removal of the 191/199 region.

RESULTS

Characterization of anti�H1N1 mAbs. In our previous

study, we obtained 84 clones of anti�HA mAbs, most of

which inhibited the activity of HA. H1�84mAb was found

to bind to the linear epitopes of the HA antigen and to

cross�react with human brain tissue [11]. It was used to

confirm the presence of the epitope in HA using blocking

ELISA assay and was analyzed with the DNAMAN soft�

ware. The location of the epitope in the HA three�dimen�

sional structure was determined with the PyMOL software.

The results showed that it is a 9�mer linear epitope (191�

LVLWGIHHP�199) located in the HA head region [10].

ELISA confirmed that H1�84mAb reacted with the

influenza virus HA protein (H1�247 antibody was used as

an isotype negative control; table). The antibody titers in

the ascitic fluid and the reactivity of each mAb against

HA were evaluated by indirect ELISA. The results were

expressed as the ratio (P/N) of the optical density at

450 nm obtained for the antigen binding with the respec�

tive mAb to the signal obtained for negative control

(Sp20/mAb); P/N > 2.1 was the cutoff value for the inter�

action to be considered positive.

Detection of H1�84mAb binding to neural cells by
flow cytometry. The results are presented and analyzed

with a single�parameter histogram. As shown in Fig. 1, a

and d, M1 was determined based on the comparison with

the negative control. As shown in Fig. 1, c and f, H1�

84mAb bound to SHSY5Y cells and primary neuroastro�

cytes (Fig. 1, b and e is the isotypic control, respectively,

showing that isotypic antibody did not bind to neural

cells). At the same time, as shown in Fig. S1 in the

Supplement, it was found that H1�84mAb did not bind

to the neuronal membrane of SHSY5Y cells and rat pri�

mary neuroastrocytes.

Detection of H1�84mAb binding to neural cells by
immunofluorescence staining. In order to further confirm

the binding of H1�84mAb to neural cells, we performed

immunofluorescence staining to detect the location of

H1�84mAb in the cells. The results showed that H1�

84mAb localized to the cytoplasm of the neural cells

(Fig. 2, a and c), while the isotypic antibody (control) did

not interact with the cells (Fig. 2, b and d).

Detection of H1�84mAb binding to neural cells by cell
ELISA. The binding of H1�84mAb to neural cells was

confirmed by cell ELISA. We found that H1�84mAb

bound to the neural cells, while no binding was observed

for the isotypic antibody (control) (Fig. 3). Compared

with the control, the OD450 ratio for the cells interacting

with H1�84mAb was higher than 2.1.

H1�84mAb damages neuronal cells. SHSY5Y cells

and primary neuroastrocytes were treated with H1�

84mAb and the resulting changes were observed using a

live�cell workstation. We found that H1�84mAb caused

significant changes in the cells (Fig. 4), including cell

rupture (Fig. 4, c and f), while the isotypic antibody did

not damage the cells (Fig. 4, b and e). Figure 4, a and d

showed untreated neuronal cells.

The structure of the HA head changes after removal of
191�LVLWGIHHP�199 (191/199 region). The HA

monomer consists of the head and the stem (HA1 and

HA2 in Fig. 5a, respectively). Analysis of the HA struc�

ture with the PDB viewer and PyMOL software showed

that the 9�mer linear epitope HA191�LVLWGIHHP�199

(marked in red in Fig. 5a) recognized by H1�84mAb is

located in the HA head and situated within the β�sheet

structure. Removal of the 191/199 region from the HA

head (Fig. 5b) results in the disappearance of one α�helix

and the multi�strand inverted β�sheet structure parallel to

the HA head (as shown by red arrows), and well as

changes in the unordered regions of the HA head

(Fig. 5, c and d). As can be seen from the Fig. 6a, in the

native protein, the Sa and Sb antigenic sites are close to

the receptor�binding pocket, Ca1 and Ca2 sites are at the

subunit interface, and Cb site is in the vestigial esterase

domain. Removal of the 191/199 region alters both the

structure and the location of the five antigenic sites

(Fig. 6b).

DISCUSSION

Although adverse effects of vaccination against

influenza A virus on the nervous system are rare, they

raise the issue of flu vaccine safety. The causes of these

Characterization of mAbs

mAb

H1�84

H1�247

Ig subtype

IgM

IgM

Antibody titer

103

104

Reactivity with HA

15.12 ± 0.12

14.43 ± 0.05



1472 GUO et al.

BIOCHEMISTRY  (Moscow)   Vol.  86   No.  11   2021

adverse effects are rather complex. Zhou et al. suggested

that the damage of the central nervous system is mediated

by “the formation of immune complex” [14]. Ng et al.

reported that the influenza virus�induced injury of the

central nervous system is promoted by the excessive

immune response of the host organism (cytokine

storm) [15]. Hallberg et al. suggested that narcolepsy fol�

lowing vaccination against swine influenza A virus

(H1N1) is associated with the genes involved in the immu�

nity and neuronal survival [16]. A number of studies have

shown that cross�recognition of heterophile antigens plays

an important role in the pathogenesis of neurological dis�

eases associated with microbial infection [17]. Earlier, we

confirmed that HA191�LVLWGIHHP�199 and

hnRNPA1 and hnRNPA2/B1 proteins of the brain tissue

are heterophile antigens [10�12] and verified that H1�

84mAb recognized hnRNPA1 and hnRNPA2/B1 in

human neuroblastoma SHSY5Y cells and rat primary neu�

roastrocytes (data to be published). Therefore, H1�84mAb

may cross�recognize heterophile antigens hnRNPA1 and

A2/B1 and mediate the damage of brain and neural cells,

which may be an important factor in the safety of influen�

za A vaccine. In this study, we first verified the detrimental

effect of H1�84mAb on the cells by demonstrating that

H1�84mAb damages neural cells and causes their death

(the study on the damaging effect of H1�84 on the animal

nervous system is in progress).

Analysis of protein sequences for the presence of the

LVLWGIHHP epitope (BLAST, NCBI) showed that it is

absent in human proteins. We believe that the cross�reac�

tivity of H1�84mAb may be caused by the structural

homology between the viral epitope and some human

proteins (we will follow this issue in our future research).

We collected and purified 12 serum IgG samples from the

patients who manifested neurological symptoms after

receiving influenza A vaccine. Four samples reacted not

only with HA191�LVLWGIHHP�199, but also with the

nuclear proteins hnRNPA1 and hnRNPA2/B1.

Therefore, the presence of H1�84�like antibodies in the

serum of patients demonstrates the importance of het�

erophile antigens in human diseases (submitted for publi�

cation).

In the norm, neuronal hnRNPA1 localizes mainly to

the nucleus and can be transported back and forth

between the nucleus and the cytoplasm. It was found that

the anti�hnRNPA1 autoantibodies could induce

hnRNPA1 mislocalization, i.e., the massive transfer of

hnRNPA1 from the nucleus to the cytoplasm. A portion

Fig. 1. H1�84mAb cross�binds to neural cells as demonstrated by flow cytometry. Panels (a) and (d), negative control, neural cells in the

absence of antibody; b and e, negative control with the isotypic antibody; c and f) H1�84mAb. The cells used were SHSY5Y cells (a�c) and rat

primary neuroastrocytes (d�f); x�axis, relative intensity of fluorescence signal or light scattering (channels); y�axis, number of cells.
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of hnRNPA1 could also appear outside the neuron as an

autoantigen exposed to the immune system, generating

an antigenic target for the production of anti�hnRNPA1

autoantibodies [18, 19]. Douglas et al. injected anti�

hnRNPA1 antibodies into the EAE (experimental

autoimmune encephalomyelitis) mice and found that it

aggravated the clinical symptoms of multiple sclerosis,

resulting in neurodegenerative lesions in the ventral spin�

ocerebellar tract of the spinal cord and deep white matter

of the central nervous system [20]. Levin et al. showed

that anti�hnRNPA1 antibodies can cause neuronal dam�

age, leading to neurodegenerative changes in the central

nervous system [21]. Our previous study demonstrated

that H1�84mAb not only binds to hnRNPA1 in the rat

brain tissue, but also in the human neuroblastoma

SHSY5Y cell line. In this study, we observed that H1�

84mAb interacted with proteins in the cytoplasm of

SHSY5Y cell (Fig. 2), which could lead to the damage of

neural cells (Fig. 4).

Fig. 2. H1�84mAb cross�binds to neural cells as demonstrated by immunofluorescence staining: a and c) H1�84mAb stains the cytoplasm of

neural cells; b and d) control isotype antibody does not bind to neural cells. The cells used were SHSY5Y cells (a and b) and rat primary neu�

roastrocytes (c and d).

Fig. 3. H1�84mAb cross�binds to neural cells as demonstrated by

cell ELISA.
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Fig. 4. H1�84mAb mediated neuronal cell damage. a and d) Untreated cells (control); b and e) cells treated with the isotypic antibody;

c and f) cells treated with H1�84mAb.

Fig. 5. Removal of the HA191/199 region changes the structure of the HA head. a) Location of the HA191/199 region (9�mer linear epitope)

in the HA head. b) Fragment of the HA sequence before and after removal of the 191/199 region. c and d) The structure of the HA head before

and after removal of the HA191/199 region, respectively.
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Influenza virus HA is a common target for vaccine

development [22, 23]. HA is a trimer formed by three non�

covalently bound HA monomers, each consisting of the

head and stem domains. HA monomers can be cleaved

into HA1 (16�345 a.a.) and HA2 (346�519 a.a.) by the host

cell proteases. HA1 is a globular head mainly composed of

β�strands [24]. HA1 contains the receptor�binding site

and five major antigenic sites (Sa, Sb, Ca1, Ca2, and Cb)

representing an antigen�determining cluster for neutraliz�

ing antibody recognition [23]. Kuenstling et al. used a

prokaryotic expression system to express the HA head

fragments HA11�326 and HA153�269. Both fragments

induced production of neutralizing antibodies, but only

HA11�326 (which can form trimers) protected the mice

from the live H1N1 virus [25]. It was suggested that the

whole region of the HA head affects the vaccine efficacy.

In this study, we used computer simulation and pre�

diction methods to verify that the HA191/199 region of

the influenza virus HA identified by H1�84mAb is located

in the HA head and is formed by β�strands. Removal of

this regions results in the disturbance of the multistranded

reverse β�strand structure of the HA head, as well as alter�

ations in the structure of the antigenic Sa and Sb sites near

the receptor�binding pockets, the Ca1 and Ca2 sites locat�

ed at the subunit interface, and the Cb site in the vestigial

esterase domain, thus affecting the immune effect of

influenza A vaccine [26]. Therefore, the HA191/199

region cannot be removed from the HA molecule.

Poh et al. introduced single and multiple substitutions

of the amino acid residues at positions 148, 150 and 183,

186 and 188 in the full�length HA protein, which

improved the protective effect of the H9N2 vaccine [27].

It is possible that the in vitro site�directed mutagenesis can

improve the immunogenic effect of the influenza A virus

HA. We previously found that H1�84mAb recognizes the

core residues V192, L193, W194, I196, and P199 in the

HA191/199 region [10]. Therefore, it is feasible to devel�

op a safe and efficient influenza A vaccine by removing

these residues via in vitro site�directed mutagenesis.

In conclusion, we found that H1�84mAb against

influenza virus HA not only interacts with the functional

areas of the protein (HA191/199 region), but also binds to

neural cells and mediates their damage, thus playing an

important role in the induction of adverse reactions of the

nervous system after flu vaccination. Since the

HA191/199 region cannot be deleted directly, it has to be

altered through site�directed mutagenesis in order to fur�

ther improve the safety of the H1N1 vaccine.
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