1' frontiers
in Immunology

ORIGINAL RESEARCH
published: 28 May 2019
doi: 10.3389/ mmu.2019.01160

OPEN ACCESS

Edited by:
Abbhijeet Anil Bakre,
University of Georgia, United States

Reviewed by:

Yong-Suk Jang,

Chonbuk National University,
South Korea

Husni Elbahesh,
University of Veterinary Medicine
Hanover, Germany

Sang-Jun Ha,
Yonsei University, South Korea

*Correspondence:
Younghee Lee
yhl4177@cbnu.ac.kr
Hyung-Joo Kwon
hjookwon@hallym.ac.kr

Specialty section:
This article was submitted to
Viral Immunology,
a section of the journal
Frontiers in Immunology

Received: 09 November 2018
Accepted: 08 May 2019
Published: 28 May 2019

Citation:
Gautam A, Park BK, Kim TH,
Akauliya M, Kim D, Maharjan S,
Park J, Kim J, Lee H, Park M-S, Lee Y
and Kwon H-J (2019) Peritoneal Cells
Mediate Immune Responses and
Cross-Protection Against In uenza A
Virus. Front. Immunol. 10:1160.

doi: 10.3389/ mmu.2019.01160

Check for
updates

Peritoneal Cells Mediate Immune
Responses and Cross-Protection
Against In uenza A Virus

Avishekh Gautam *, Byoung Kwon Park ?, Te Ha Kim*, Madhav Akauliya *, Dongbum Kim 2
Sony Maharjan 2, Joongwon Park !, Jinsoo Kim *, Hanseul Lee !, Man-Seong Park 3,
Younghee Lee * and Hyung-Joo Kwon %

1 Department of Microbiology, College of Medicine, Hallym Umersity, Chuncheon, South Korea? Center for Medical Science
Research, College of Medicine, Hallym University, Chuncbe, South Korea,® Department of Microbiology, College of
Medicine, and the Institute for Viral Diseases, Korea Univaty, Seoul, South Korea,* Department of Biochemistry, College of
Natural Sciences, Chungbuk National University, Cheongj$outh Korea

Intraperitoneal inoculation with live in uenza A virus cdars protection against intranasal
infections in mice and ferrets. However, the responses of p@oneal cells to in uenza
A virus have not been investigated. Here we show that intrap&oneal inoculation with
A/WSN/1933 (H1N1) virus induced virus-reactive IgG produ@n in the peritoneal cavity
in mice. The infection resulted in substantial but transignB cell and macrophage
depletion along with massive neutrophil in Itration, but wus growth was not detected.
Inuenza A viruses bound to a-2,6-linked sialic acids of B cells and macrophages
and induced apoptotic death of peritoneal cavity cells. Howver, re-infection with
A/WSN/1933 virus did not have adverse effects on immune cellsnost likely because
of the neutralizing antibodies produced in response to therst exposure. Infection of
BALB/c mice with A/WSN/1933 induced cross-protection agairst an otherwise lethal
intraperitoneal dose of A/lHongkong/4801/2014 (H3NZ2) virs. This information suggests
that immunological responses in the peritoneal cavity cannduce effective defense
against future virus infection. Considering the unexpecte potent immunoregulatory
activity of the peritoneal cells against in uenza virusesye suggest that comparative
studies on various immune reactions after infection throuy different routes may
contribute to better selection of vaccination routes in deslopment of ef cacious
in uenza vaccines.

Keywords: apoptosis, cross protection, in uenza A virus, n eutralizing antibody, peritoneal cells

INTRODUCTION

In uenza viruses are one of the most signi cant causes of bidity and mortality among
all respiratory tract infections. Frequent endemic and panite outbreaks of inuenza A
virus infection have claimed thousands of lives, mostlysthoof infants, the elderly and

immunosuppressed individuald-3). The presence of a segmented genome allows the virus to

undergo reassortment, resulting in genotypically and phgpiolly di erent subtypes and the
rapid variation poses a notoriously di cult obstacle to sustable vaccine development.
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Gautam et al. Peritoneal Immune Response to In uenza Infection

For successful development of vaccines targeting in uenzslA, USA) and maintained in minimum essential medium
A virus, a better understanding of the immune response$MEM) containing 10% fetal bovine serum (FBS) and antibiotics
in the early stage of vaccination and optimization of the(100mg/ml streptomycin and 100 U/ml penicillin). The
vaccination protocol based on the information is required. | in uenza virus strains used in this experiment are A/WSN/393
particular, there can be immunological di erences dependingWSN, mouse adapted H1N1), A/Hongkong/4801/2014
on the route of vaccination4(9). Current human inuenza (non-mouse-adapted H3N2), rlIETR CVV (H5N1), and
vaccines are administered intramuscularly or intranasallymodied NIBRG-268M (H7N9). rIETR candidate vaccine
Research on intranasal administration has gained attentiomirus (CVV) (H5N1) with low pathogenic HA and NA genes
recently due to e ective induction of protective immunity from A/chicken/Korea/IS/2006 (1S06; a highly pathogenic
by triggering mucosal response$Cf12). However, research avian in uenza H5NL1 virus isolated in Korea, clade 2.2) and
on inuenza vaccine development in mice has preferentiallyinternal genes from A/PR/9/34(H1N1) virus was generated
utilized the intraperitoneal route of immunization becawusfehe by reverse genetic2d. NIBRG-268M (H7N9) was generated
experimental convenience and empirical e ectivenéss{5).In by reverse genetics based on NIBRG-268 candidate vaccine
fact, intraperitoneal inoculation of live in uenza virus Bdeen virus with HA and NA genes from A/Anhui/1/2013 (H7N9)
shown to confer protection against intranasal infectionsgrite  and internal genes from PR8 backbone virus. Viruses were
and ferrets {6-19). produced either by inoculation into speci c-pathogen-free ESP

Cellular and immune responses to intranasal infection oembryonated chicken eggs or by infecting MDCK cell lines.
in uenza virus have been studie@@23). Intranasal infection Biosafety level 2 conditions were strictly maintained dgrthe
of mice with in uenza A virus induces pulmonary disease andvirus preparation and cell culture procedure.
results in an impaired immune system, with e ects such as
severe depletion of blood lymphocytes, bone marrow cells, arldlaque Assay
lung B cells 20-23). In uenza A virus has been shown to not Viruses were quanti ed by a plaque assay. MDCK cells were
be directly involved in the attrition of lymphocytes, but us- seeded at 7 1 cells per well in six-well plates and incubated
induced cytokines such as tumor necrosis fadqifNF-a) and at 37 C. After culturing to a con uent monolayer, the cells were
lymphotoxin-a (LT-a) are crucial in this phenomenor2(). The  washed twice with PBS and infected with tenfold serial s
interaction of the B cell receptor with hemagglutinin (HA) $ia of in uenza virus suspension. Following 1h incubation with
been shown to induce depletion of B cells in the lung afteshaking at 15-20 min intervals, the suspensions were removed
in uenza A virus infection @3). Additionally, the hypothalamic— by suction, and the cells were overlaid with 2 ml of DMEM/F12
pituitary axis and sympathetic nervous responses were creditenedia containing 2mM glutamine, 4% BSA, 10 mM HEPES,
with the substantial loss of B cells upon infection with theN#®  2.5% sodium bicarbonate, 50 mg/ml DEAE dextramgIml L-
avian in uenza virus 24). However, the response of peritoneal tosylamide-2-phenylethyl chloromethyl ketone (TPCK)éted
cells to intraperitoneal inoculation of in uenza A virus hast  trypsin, 100 U/ml penicillin, 10@g/ml streptomycin and 0.6%
been investigated. Therefore, investigating the immuispoase immunodi usion-grade agar. After 72 h incubation at 3T, the
against in uenza A virus infection in the peritoneal cavity i plates were stained with crystal violet (0.1% crystal viol@0#o
mice could provide novel information that might aid in human methanol) for 1 h. Plaques were enumerated, and the viresstit
in uenza vaccine development. were determined.

Here, we have studied the immune response of peritoneal
cells to inuenza A virus infection using the BALB/c mouse Virus Inactivation by Ultraviolet Irradiation
model, which expresses bath2,3-linked anda-2,6-linked sialic  A/WSN/1933 virus was inactivated by exposure to 254 nm UV
acid receptors 45-27) essential for in uenza A virus binding light with 1,500 mM/s/cmd UV for 15min from a height of
to epithelial cells. We used a mouse-adapted in uenza A viru§ cm. Inactivation was con rmed by a plaque assay as described
strain A/WSN/1933 (H1N1, WSN) in this study and found previously £9). The absence of any visible plaques assured
that intraperitoneal inoculation of A/IWSN/1933 virus modtgal  virus inactivation.
immune cell populations and induced robust production of
in uenza A virus-reactive antibody. Furthermore, we obsedt  Ethics Statement
that intraperitoneal inoculation with A/AWSN/1933 virus imded  All animal procedures performed in this study are in accordanc
a protective e ect against lethal A/Hongkong/4801/2014 (3N with the recommendations in the Guide for the Care and Use
exposure. These results suggest that immunological responsd Laboratory Animals of the National Veterinary Research
in the peritoneal cavity are crucially e ective upon in uenza A & Quarantine Service of Korea. This study was approved
virus infection. This information might be very useful fastire by the Institutional Animal Care and Use Committee of

development of e ective vaccines. Hallym University (Permit Number: Hallym2015-54 and 2017-
41). Mice were anesthetized by 1-2% iso urane inhalation (JW

MATERIALS AND METHODS Pharmaceutical, Seoul, Korea) to minimize pain. Mice were
euthanized by C@inhalation if they lost 25% of their baseline

Cell Line and Virus adult body weight or if they revealed evidence of debilitati

Madin-Darby canine kidney (MDCK) cell lines were purchasedpain or distress such as hunched posture, rough hair coat,
from American Type Culture Collection (ATCC, Manassasreduced food consumption, emaciation, inactivity, ambialat
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di culty, and respiratory problems. After the experiments veer BD Biosciences), APC-conjugated anti-CD4 (Catalog No:
terminated, the mice were sacri ced by G@nhalation, and all 553051, BD Biosciences), FITC-conjugated anti-CD8 (Ggtal

e orts were made to minimize su ering. No: 553031, BD Biosciences), FITC-conjugated anti-B220
_ _ _ (Catalog No: 553088, BD Biosciences), BV421-conjugatid an
Mice and Infection of Virus CD19 (Catalog No: 562701, BD Biosciences), PE-conjugated

Eight-week-old BALB/c (H-® mice were purchased from anti-CD23 (Catalog No: 12-0232-81, eBioscience, San Diego
Nara Biotech, Inc. (Seoul, Korea) and maintained undelCA, USA). For the myeloid population, the antibodies used
SPF conditions. All virus infection animal experiments werewvere PE-conjugated anti-CD11c (Catalog No: 557401, BD
carried out under stringent animal biosafety level 2 comis.  Biosciences), APC-conjugated anti-CD11b (Catalog No3533
A/WSN/1933 virus or UV-inactivated A/WSN/1933 (UV-WSN) BD Biosciences), APCeF780-conjugated anti-Ly6G (Catalog
was intraperitoneally infected at a dose of 51(° pfu per No: 47-5931-82, eBioscience), and FITC-conjugated aff8e
mouse. When necessary, the infected mice were reinfecté@atalog No: 11-4801-85, eBioscience). For the“lg@d IgM°
intraperitoneally with A/WSN/1933 virus at a dose of 510°  population, the antibodies used were FITC-conjugated anti-

pfu per mouse 5, 7, or 14 days after the rstinfection. IgM (Catalog No: 553437, BD Biosciences), Biotin-conjedat
anti-lgG1 (Catalog No: 553441), APC-conjugated Streptavid
ELISA (Catalog No: SA1005, Thermo Fisher Scienti ¢, Waltham, MA,

Ninety-six-well immunoplates (Nurfé!, Roskilde, Denmark) USA). To exclude dead cells, cells were incubated with 7AAD
were coated with in uenza A viruses for quantitation of inemza  (Catalog No: 51-68981E, BD Biosciences). After 1 h incabai
A virus-reactive 1gG or IgM, respectively. The coated plategwe 4 C, the cells were washed with FACS bu er and analyzed with a
incubated overnight at 4. The plates were then washed threeFACSCantM 11 (Becton Dickinson, Franklin Lakes, NJ, USA).
times with PBST (0.1% Tween-20 in PBS) and blocked with 1%
BSA for 1h. The plates were loaded with threefold dilutionsAnnexin V Staining
of sera or peritoneal cavity uids in PBST and then incubatedPeritoneal cells were harvested from BALB/c mice. Analyses
for 2h at room temperature. After the plates were washeaf apoptosis were performed as described elsewt&fe The
three times with PBST, horseradish peroxidase (HRP)-labelexklls were then plated in 24-well plates at a density of 1
goat anti-mouse IgG/IgG1/lgG2a/lgG2b/igG3/IgM antibedi 1P cells per well. If necessary, SNA (@@ml) pretreatment
(Catalog No: 5300-05, Southern Biotechnology Associates, was applied. A/WSN/1933 virus or UV-WSN virus was added
Birmingham, AL, USA) (1:500 dilution) were used for theto each well at a 1 1P pfu. After incubation at 37C
detection of total or subclass- and isotype-speci ¢ antilesdi for di erent time periods, cells were harvested and stained
After incubation for 1 h at room temperature, the plates werewith anti-FayRII/lll (Fc receptor blocker) before being stained
washed three times with PBST, and colorimetrically developewith APCef780-conjugated anti-CD19 (Catalog No: 47-0193-
using TMB (3,85,% tetramethylbenzidine) substrate solution 80, eBioscience), PE-conjugated anti-CD23 (Catalog Ne: 12
(Kirkegaard and Perry Laboratories, Gaithersburg, MD, USA)0232-81, eBioscience), FITC-conjugated anti-B220 (Ggtal
Absorbance was measured using a SpectraMax 250 microplde: 553088, BD Biosciences), FITC-conjugated anti-F4/80
reader (Molecular Devices, Sunnyvale, CA, USA) at 450 nm. (eBioscience), and BV421-conjugated anti-CD11lb antié®di
(Catalog No: 48-0112-80; eBioscience). After 1 h incubadiot
Analysis of Cell Populations C, cells were washed with FACS bu er and stained with APC-
Mice were anesthetized, sacriced, and peritoneal cellgonjugated AnnexinV (Catalog No: 17-8007-74, eBioscigfoce
splenocytes and bone marrow cells were harvested usirid min at room temperature. To exclude dead cells, stained cells
RPMI 1640 media containing 5% FBS as described previoushere incubated with 16g/mL of PI (eBioscience, San Diego, CA,
(30, 31). Cells were centrifuged at 1,200 rpm for 5min. TheUSA) or 7AAD (Catalog No: 51-68981E, BD Biosciences). The
peritoneal cavity uids were collected for ELISA. Bone marro cells were analyzed with a FACSCddl.
cells and splenocytes were treated with 5ml RBC lysis bu er
(20mM Tris HCI, 140mM NHCI) for 5min. We pre-gated \Western Blotting
peritoneal cells, bone marrow cells, splenocytes (&S  Peritoneal cells (1 1 cells per well) were plated in 24-
or FScowssdioh) for the enriched lymphoid and myeloid well plates. The cells were treated with SNA iftdml) and/or
population and then checked speci c cell population. Total celinfected either with A/WSN/1933 virus or UV-WSN virus
numbers of peritoneal cavity, spleen, and bone marrow wergl 1P pfu) and incubated at 37 C. At dierent time
counted and analyses of cell populations were performed astervals, cells were harvested and lysed with Triton X-100
described elsewherg&%, 33). Cells were resuspended in RPMI lysis buer (10mM HEPES, pH 7.4, 150mM NaCl, 5mM
and then washed with FACS bu er (1% FBS in PBS) and treateEDTA, 1% Triton X-100). The lysates were separated by 12%
with 10mg/ml anti-FgRII/Ill antibody (Catalog No: 553142, sodium dodecyl sulfate-polyacrylamide gel electropho(&xS-
BD Biosciences, San Jose, CA, USA) for 20 min & # block PAGE), and the apoptotic proteins were analyzed by western
the Fc receptors. Cells were then incubated with rat anti-seou blotting. We obtained rabbit polyclonal anti-PARP (Catalog
uorescent antibodies to characterize the lymphoid and el No: 9542S, Cell Signaling Technology, Danvers, MA, USA)
populations. For the lymphoid population, the antibodies usedand anti-cleaved Caspase-3 (Catalog No: 9661S, Cell Signali
were PerCP Cy5.5-conjugated anti-CD3 (Catalog No: 551163gchnology) antibodies from Cell Signaling Technologyhbit
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polyclonal anti-Bcl-2 antibody from Delta Biolabs (Cataloglater with H3N2 virus (1 10 pfu); 5 days after the second
No: GTX100064, Campbell, CA, USA) and mouse &nsictin  inoculation, the cells were stained with PerCP Cy5.5-ccatied
antibody from Sigma-Aldrich (Catalog No: A5316, St. LoM€), anti-CD3, BV421-conjugated anti-CD19 and then analyzeith wi
USA). Viral protein samples were prepared by mixing in uenza Aa FACSCantd" |I.

viruses with SDS sample bu er and boiling for 10 min. Gradient

SDS-PAGE (4-12%) (Thermo Fisher Scientic) and westergtatistical Analysis

blotting analysis was carried out as mentioned elsewhe® ( The results are shown as the mean standard deviation.
Viral proteins were detected by wester blotting using peréal  The statistical signi cance of di erences between two sample

cavity uids (1:10 dilution in PBS), which were harvestedrfr a5 evaluated using Studerttsest; P < 0.05 was considered
BALB/c mice after 14 days of A/WSN/1933 virus inoculation.  gtagistically signi cant.

Lectin Staining

Peritoneal cells were harvested from BALB/c mice and ineba RESULTS
with A/WSN/1933 virus or UV-WSN virus for 1h at 4C. . .

The cells were then stained for 1 h atG with uorescein- A/WSN/1933 Vlru_s E_f Clently Induces

conjugated Sambucus nigraagglutinin (SNA), which was Antibody Production in the

obtained from Vector Laboratories (Burlingame, CA, USA)eTh Peritoneal Cavity

cells were analyzed by ow cytometry (BD FACSCalify It was previously reported that the live A/WSN/1933 virus is

BD Biosciences). more immunogenic and protective than the inactivated virus
_ ) o when administered intramuscularly8). It was also proved
Hemagglutination Inhibition (HI) Assay in a research comparing live and inactivated A2/Hong Kong

Ninety-six-well V-bottom plates (Costar, Corning, NY, USA) in uenza A virus vaccines when administered intranasati)(
were used for the HI assay. Peritoneal cavity uids fromTo clarify this issue in the peritoneal cavity, we rst examih
PBS-injected or A/IWSN/1933 virus-infected BALB/c mice aver virus-induced antibody production. To this end, we inocudt
serially diluted two-fold with PBS and then incubated withBALB/c mice intraperitoneally with untreated A/WSN/1933
an equal volume of 4 hemagglutination units (4HA) of eachvirus or UV-WSN virus and antibody production in the
in uenza A virus for 30 min. After incubation, an equal volien peritoneal cavity uids was measured by ELISA on days 5, 7,
of 0.5% chicken red blood cells were added to the welland 14 post-infection. In contrast to A/AWSN/1933 virus-iofed
and incubated for 30 min at room temperature, and HI titersmice that exhibited a steady increase in A/WSN/1933 virus-

were measured. reactive IgG levels from 5 to 14 days post-infection in peritdne
) o cavity uid (Figure 1B), A/AWSN/1933 virus-reactive IgG levels
Virus Neutralization Assay in UV-WSN-infected mice increased from 5 to 7 days and then

The peritoneal cavity uids of A/WSN/1933 virus-infected plateauedFigure 1A) and the IgG production was virus-dosage
BALB/c were serially diluted twofold with PBS and thendependent Figure S). In the serum of the UV-WSN virus-
incubated with approximately 100 pfu/ml of A/WSN/1933, infected mice, A/WSN/1933 virus-reactive I1gG levels iasel
A/Hongkong/4801/2014 (H3N2), rIETR CVV (H5N1), NIBRG- until 7 days post-infection and then decreased at 14 days post-
268M (H7N9) at 37C for 1h. The samples were added to ainfection (Figure 10). 1gG levels in the serum of A/WSN/1933
con uent monolayer of MDCK cells in MEM supplemented with virus-infected miceFigure 1D) showed the same trend as in the
10% FBS and TPCK-treated trypsin, and a plaque assay waeritoneal cavity uids Figure 1B). The levels of A/IWSN/1933
performed as described above. The neutralization percemiage virus-reactive IgM in the peritoneal cavity uidsF{gure 15
measured by the following equation: neutralization (%, petce and serum Figure 1F of A/WSN/1933 virus-infected mice
inhibition) D [(plaque number with virus only — plaque number decreased gradually from 5 to 14 days post infection. The same
with serially diluted peritoneal cavity uids mixed with wis) /  tendency was also found in the UV-WSN virus-infected mice.

plague number with virus only] x 100. The concentrations of A/WSN/1933 virus-reactive IgG inlbot
) ) ) serum and peritoneal cavity uids of A/WSN/1933 virus-infed
Virus Superlnfectlon mice were markedly higher than those of UV-WSN virus-infeicte

Eight-week-old BALB/c (H-2) mice (W D 10) were injected mice (The scale of A/WSN/1933 data is tenfold higher than
intraperitoneally with A/WSN/1933 virus at a dose of 510°  UV-WSN data in Figures 1A-D. The levels of A/WSN/1933
pfu per mouse. After 7 days, the mice were intraperitoneallyirus-reactive IgM in the peritoneal cavity were also subsadiy
challenged with 1 10° pfu of wt A/Hong Kong/4801/2014 higher in A/WSN/1933 virus-infected mice than those of UV-
(H3N2) virus, and then the mice were observed for 14 days t8®WSN virus-infected miceRigure 15. However, the di erence of
monitor their clinical signs and body weight. To analyze thelgM concentrations was much milder in the serufigure 1F).

cell population in the virus-infected mice, we prepared cellsRobust production at early time points and followed decrease
from the peritoneal cavity and bone marrow of the mice atof A/WSN/1933 virus-reactive IgM and consistent increase
5 days after a single intraperitoneal challenge with 110°  of A/WSN/1933 virus-reactive IgG over time suggests class
pfu of H3N2 virus or from mice that were inoculated with switching of B cells producing virus-reactive antibodieakén
A/WSN/1933 virus (5 1C° pfu) and then inoculated 7 days together, these results show that A/WSN/1933 virus is more
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FIGURE 1 | Antibody production in BALB/c mice following intraperitonal challenge with A/WSN/1933 virus or UV-inactivated A/WSN/198virus. BALB/c mice
(n D 5/group) were anesthetized at 5, 7, and 14 days after intrapétoneal challenge with 5 108 pfu of live A/IWSN/1933 virus (WSN) or UV-inactivated A/WSN/1933
virus (UV-WSN), and samples of peritoneal cavity uid and sem were collected. (A,B) The amounts of A/WSN/1933 virus-reactive IgG and IgG subclasses
the peritoneal cavity uids following UV-WSN virugA) and A/WSN/1933 virus(B) challenge were quanti ed. Please note the different scalessed for the y-axes of graphs
(Continued
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FIGURE 1 | (A,B). (C, D) A/IWSN/1933 virus-reactive IgG and IgG subclasses in the serum we quanti ed following UV-WSN virus(C) and A/WSN/1933 virus (D)
challenge. Please note the different scales used for the yxa&s of graphs(C,D). (E,F) IgM concentrations in the peritoneal cavity uidgE)and the serum (F) were
measured. (G) Cells from the peritoneal cavity, bone marrow, spleen, and esenteric lymph nodes (1 108 cells) were obtained from BALB/c mice 14 days after
intraperitoneal A/WSN/1933 virus infectionif viva WSN) and then cultured in RPMI 1640 medium containing 10% FB and antibiotics for indicated time intervals.
Antibody concentrations of the cell culture supernatants wre determined by ELISA. These data are representative of #® independent experiments. ns, not

signi cant. *p < 0.05, **p < 0.005, ***p < 0.0005.

e cient than UV-WSN virus in inducing A/WSN/1933 virus- cavity were nearly completely depleted at 12 h post-infection and
reactive antibody production in the peritoneal cavity andwser partially recovered at 5 days with gradually restoration tomal
when administered intraperitoneally. levels by 14 day$&{gure 2D, Figure S2A. Peritoneal neutrophils

To identify the cellular origin of in uenza A virus-reacttv  populations (Ly6G-positive), on the other hand, remarkably
antibodies, cells from the peritoneal cavity, bone marrggeesn, increased 12 h after A/AWSN/1933 virus infection and retutie
and mesenteric lymph nodes of mice were collected 14 daymrmal levels at 5 day$igure 2E Figure S2A. CD11c-positive
after intraperitoneal inoculation with PBS or A/IWSN/1933u8  dendritic cell populations increased at 5 days and then grdgual
and culturedin vitro. Culture supernatants were separated atlecreased in the peritoneal cavity of A/WSN/1933 virus<ted
di erenttime points and ELISA were carried out to determineth mice (Figure 2B. UV-WSN virus inoculation had little or no
quantity of IgG. We observed that A/IWSN/1933 virus-reaetiv e ect on lymphocyte populations. Interestingly, we did not
antibody was produced by cells of the peritoneal cavity, bonebserve any mortality or morbidity in the mice intraperitosiéy
marrow and spleen, but not by cells of the mesenteric lymplinfected with live or UV-irradiated virus, suggesting that
nodesin vitro. the altered lymphocyte and macrophage populations were

not associated with any overt adverse e ects at the time

Lymphocyte Populations Exhibit Changes points studied.

Following Intraperitoneal Challenge With . .
A/WSN/1933 Virus Cells of the Peritoneal Cavity Undergo

To analyze any changes in lymphocyte cell populations followin§POPtosis Following A/WSN/1933
intraperitoneal inoculation of BALB/c mice with A/WSN/1933 Virus Inoculation
virus or UV-WSN virus, we performed ow cytometric analysis To investigate whether the B cells and macrophages depletion
on peritoneal cells, bone marrow cells and splenocytes. Wabserved in mice following A/WSN/1933 virus infection was
sorted the lymphocyte populations (F8¢SSEY) into CD3- due to apoptosis, we cultured peritoneal cells harvested from
and CD19-expressing subpopulations. Following intraperitdne untreated BALB/c mice in the presence of PBS, A/WSN/1933
inoculation with A/WSN/1933 virus, a 7-fold and 15-fold virus, or UV-WSN virus and stained them with Annexin
depletion of B cells (CD19 positive populations) was observed that binds to phosphatidylserine, a marker of apoptosis.
at 5 days post-infection in the peritoneal cavitifiqure 2A,  While in vitro infection with A/WSN/1933 virus induced a
Figure S2A and bone marrow [igure 2B Figure S2B, time-dependent and dosage-dependent increase in Annexin
followed by partial recovery at 7 days and restoration to nearV-stained populations of B cellsFigures 3A,B Figure S6A
normal levels at 14 days post-infection in bone marrow. In theand macrophaged-{gure 3C Figure S6B, infection with UV-
peritoneal cavity, increase in the numbers of B cells (1.d)fol WSN virus did not induce any changes in the numbers of
and B-1 cells (1.4 fold) was observed at 14 days post-infecticAnnexin V-stained peritoneal celld~igures 3A-Q. As shown
compared to normal miceRigures S2A S3A). Furthermore, in Figure 3B about 37% of B cells were subjected to apoptosis
IgG® B-1 cells and 1g€ B-2 cells were increased at 14 daysn response to A/WSN/1933 virus infection. About 20 % of
post-infection Figure S94. Notably, B-1 cell population was the B-1 cells and 50% of B-2 cells were apoptotic suggesting
major population of B cells in the peritoneal cavity and bonethat B-1 cells are more resistant to apoptosis than B-2 cells.
marrow during the experimental periodgigures S3S4). About 55% of macrophages showed apoptosis after infection
The peritoneal cavity was heavily in Itrated with T cells (3D  (Figure 3Q). Additionally, in vitro infection with A/WSN/1933
positive populations) at 5 days post-infection, and CD3-positiv virus, but not UV-WSN virus, resulted in apoptotic death in
populations slowly declined toward normal values at 14 dayghe mouse macrophage cell line RAW 264 ig(re S6G. These
post-infection Figure 2A). Total cell numbers of T cells, Cl84  results suggested that A/WSN/1933 virus induces apoptotic ce
and CD& T cells increased at 5 to 14 days post-infection indeath speci cally in the peritoneal cavity and RAW264.7 can
the peritoneal cavityRigures S2AS5H. Splenic B cells displayed be a model cell line to study this phenomenon. Considering
a transient decrease at 5 days post-infection; the extent of tBese results together withigure 1, peritoneal B cells survived
cell reduction in levels was much less severe in comparison #fter viral infection are major contributor to A/WSN/1933
peritoneal and bone marrow B celBigure 2C Figure S2G. We  virus-reactive antibody production in the peritoneal caviy
also noted an apparent reduction in splenic T cells at 5 days post/WSN/1933 virus-infected mice. To verify whether apoptosis
infection (Figure 2C Figure S2Q. Additionally, macrophage was the plausible cause of peritoneal cell depletion, we carried
populations (F4/80 and CD11b double positive) in the peritoneabut western blot analysis of proteins involved in apoptosis.
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FIGURE 2 | Analysis of cell populations following intraperitoneal elenge with A/WSN/1933 virus or UV-inactivated A/WSN/1933 wirs. BALB/c mice (1 D 5/group)
were sacri ced at 12 h, 5, 7, and 14 days after intraperitoneathallenge with 5 108 pfu of AAIWSN/1933 virus (WSN) or UV-inactivated A/WSN/1933 visu(UV-WSN).
Peritoneal cells, bone marrow cells and splenocytes were hgested, counted, and stained with uorescence-conjugatedantibodies and analyzed by ow cytometry.
Cells from control mice at 14 days after intraperitoneal iagtion of PBS were used as an uninfected control(A-C) FSCOWSSCOW cells of peritoneal cells, bone
marrow cells, splenocytes were gated, and _Iymphocyte popultions of the peritoneal cavi_t)(A), bone_marrow (B), and spleen(C) were sorted into CD3 and CD19
subsets. (D,E) Peritoneal cells (FS€Wsschighy were gated, and two populations, F4/80"9hcD11bM9h (macrophages) and F4/8¢°WCD11b°W (non-macrophages)
were analyzed.(D) Peritoneal macrophages (F4/85'9hCDllbh'9h) were sorted for F4/80 and CD11b double-positive phenotype(E) The dendritic cell and neutrophil
populations of the peritoneal cavity were sorted from F_4/8@WCD11b'°W population using CD11c and Ly6G markers. Right panel showethe indicated cell population
(%) among FSAOWSSCOW cells (A-C) and FSEWSSCNigh cells (D,E). Each gure is representative of three independent experimats. **p < 0.005, ***p < 0.0005.

The expression of cleaved PARP and cleaved Caspase-3 dasreased Higure 3D). These results demonstrated that live
increased by A/WSN/1933 virus infection in a time-dependen®A/WSN/1933 virus induced apoptotic death of mouse peritoneal
manner, while the expression of anti-apoptotic Bcl-2 wasellsin vitro.
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FIGURE 3 | Peritoneal cells undergo apoptosis after A/WSN/1933 virus fection. (A) BALB/c mice (n D 3/group) were sacri ced, and peritoneal cells were harvested
The cells (1 108) were seeded into 24-well plates containing RPMI 1640 compte media, and then treated with 1 108 pfu of A/WSN/1933 virus (WSN) or
UV-WSN virus (UV-WSN). After incubation for 24, 48, or 72 hhé cells were stained with uorescence-conjugated antibodés (CD19, B220) and Annexin V. After
washing, PI detection kit was used to discard dead cells anditen analyzed by ow cytometry. Annexin V-positive B cells areepresented in histograms.(B) Peritoneal
cells (1 106) were treated with 1 x 16 pfu of AAWSN/1933 virus (WSN) or UV-WSN virus (UV-WSN) for 72the cells were stained with uorescence-conjugated
antibodies (CD19, B220, CD23, 7AAD) and Annexin V. Annexinpositive B cells are represented in histograms. Each righganel of (B) shows the % of annexin
V-positive B cells, B-1 cells, and B-2 cells(C) Peritoneal cells (1 106) were treated with 1 x 18 pfu of AIWSN/1933 virus (WSN) or UV-WSN virus (UV-WSN). Afte
incubation for 24, 48, or 72 h, the cells were stained with uoescence-conjugated antibodies (CD11b, F4/80) and Annexin.\After washing, PI detection kit was used
to discard dead cells and then analyzed by ow cytometry. Anngin V-positive macrophages are represented in histogramd.ower panel of (C) shows the % of
annexin V-positive macrophages(D) Time-dependent expression of Bcl-2, cleaved Caspase-3 andleaved PARP was determined by western blotting. Each guresi
representative of three independent experiments. *P*< 0.0005.

Peritoneal Cells Possess Speci c used for infection of MDCK cells. Binding of the virus
Receptors for In uenza A Virus to the peritoneal cells would result in a reduction in viral
To investigate whether the A/WSN/1933 virus-induced apojstos Particles in the supernatant and, therefore, a reduction ia th
of peritoneal cells is caused by direct binding of the virusesubsequent MDCK infection as measured by plaque numbers.
we decided to check the cellular receptors for inuenzalndeed, infection of MDCK cells with peritoneal cell-treated
viruses. Following intranasal administration, in uenzawus Viral supernatant resulted in signi cant reduction of plaque
initiates pathogenesis in the host by binding to speci chnumbers compared to cells infected directly with virus. A
sialic acid receptors on host cell§7. We rst incubated slight decrease in plague numbers was also observed upon
A/WSN/1933 virus with media control or peritoneal cells incubation of the virus with culture medium alone; however,
for 1h, and then the supernatants after centrifugation werdhis was not statistically signi cantFigure 4A). These results
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FIGURE 4 | A/IWSN/1933 virus binds to peritoneal cells(A) Peritoneal cells were harvested from BALB/c micen(D 3) and seeded into 5 ml round-bottom tubes (1
106 cells in 1 ml). The tubes were treated with PBS or A/WSN/1933 vis (WSN, 3 103 pfu). After 1 h of incubation at 4 C, the supernatant was separated by
centrifugation and 100ml of the supernatant was seeded along with MDCK cells in 6-weplates, incubated for 72 h, and stained with crystal violetand plaques were
counted. ns, not signi cant. **P < 0.005. (B) Competitive binding of A/WSN/1933 virus and SNA ta-2,6-linked sialic acids of peritoneal cells. Peritonealedls (1
106) were incubated with 1 108 pfu of AIWSN/1933 virus or UV-WSN virus for 1 h at 4C and then treated with uorescein-conjugated SNA for 1 h at 4C. The cells
were stained with uorescence-conjugated antibodies (CD1%nd B220 for lymphoid cells, CD11b for F4/80 myeloid cells) ahthen analyzed by ow cytometry.

(C) Peritoneal cells were incubated in 24-well plates with SNAof 1h at 37 C and then treated with PBS (SNAPBS), or 1 106 pfu of AIWSN/1933 virus
(SNACWSN) for 72 h. Peritoneal cells treated with PBS only or A/WSNEB3 virus plus PBS were used as controls. The cells were stagu with
uorescence-conjugated antibodies (CD19 and B220 for lymploid cells, CD11b and F4/80 for myeloid cells) and Annexin V anthen analyzed by ow cytometry.
Triplicate experiments were carried out(D) Expression of apoptotic proteins (cleaved Caspase-3 and ehved PARP) in the PBS-treated control and SNA-treated
peritoneal cells was determined by western blotting.

indicated that the A/WSN/1933 virus binds to peritoneal sell with UV-WSN virus inhibiting SNA binding much less e ciently
at least transiently. than A/WSN/1933 virus, suggesting structural alteratidnsng

It is well-established that human in uenza A virus binds to UV irradiation. These ndings con rmed that A/WSN/1933
sialic acids linked to the penultimate galactose residuelidlar  virus binds toa-2,6 sialic acids present on the cells of the
glycoproteins viaa-2,6 glycosidic bonds2@). The presence of peritoneal cavity.
a-2,3-Gal anda-2,6-Gal sialic acid residues in the peritoneal Next, to determine whether SNA-induced blocking of
cavity B cells of BALB/c mice has been reportéf).(However, A/WSN/1933 virus binding to cells reduces cell death, we pre-
the role of peritoneal cavity-based sialic acids in relatton incubated peritoneal cells with SNA and then infected them
in uenza virus infection has not been investigated. Using®&  with A/WSN/1933 virus. Surprisingly, enumeration of Annexi
conjugated lectin staining witBambucus nigragglutinin (SNA)  V-stained cells revealed that SNA itself induced apoptosis of
and Maackia Amurensigectin Il (MAL II), which specically both B cells and macrophagekigure 40, and infection with
recognizea-2,6-linked anda-2,3-linked sialic acids, respectively, the virus compounded the e ecHgure 40). The expression of
we con rmed the occurrence of both-2,6-linked anda-2,3- cleaved PARP and caspase-3 in peritoneal cells was increased
linked sialic acids in the lymphocytes and macrophages of they SNA treatment Figure 4D). SNA-induced apoptosis was
peritoneal cavityigures S7A,Band spleenKigures S7C,Dby  also observed in the mouse macrophage cell line RAW 264.7
ow cytometry. To determine whether A/WSN/1933 virus was (Figure S8A. However,n vitro infection of spleen B cells and T
able to bind to these sialic acids, we pre-incubated peritbneaells with A/WSN/1933 virus or treatment of these cells wiAS
cells with A/WSN/1933 virus or UV-WSN virus before treatmentdid not induce any signi cant changes in the numbers of Animex
with FITC-conjugated SNA. We observed diminished bindingV-stained cellskigure S8B. These results demonstrated that the
of SNA to peritoneal cells in the presence of virkgglre 4B),  interaction ofa-2,6 sialic acids with SNA and/or A/WSN/1933
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virus speci cally promoted apoptosis of peritoneal cells andand with less e ciency to the other in uenza viruses. In adidin,

RAW 264.7 cells. western blot analysis revealed that the peritoneal cavitgsui
of A/IWSN/1933 virus-infected mice recognized multiple pratei

Repeated Infection Boosts Antibody bands presumably corresponding to the in uenza proteins of

Production With Limited B Cell Depletion all viruses under studyHigure 6C). In contrast, the peritoneal

Following primary intraperitoneal inoculation of A/WSN/183 cavity uti)ds ;rom theh PBS-injechted mige didln't repogni;deethf
virus, we observed a marked reduction of peritoneal and bonBrotein ban s: Fu_rt ermore, the per_ltope_a cavity uids o
marrow B cells 5 days post-infection, with gradual recovery tA/W_SN/1933V|rusT|nfected mice _could inhibit hemagglutiioeat
normal levels 14 days post-infectioRigure 2). To examine the medlated_ by "f‘" Inuenza A viruses, e>_<cept NlBRG'2.68M
e ect of repeated infection on B cella vivo, we reinoculated (H7N9), virus (Figure 6D). queve.r,. the peritoneal cawty uids
BALB/c mice with A/WSN/1933 virus using two schedules,neljtrallzed the plaque-forming ab".'ty of A/WSN/1933 viraisd
reinoculation 7 days after the rst infection followed by raic A/\I/—I\?nak(')\lnlg/ 4_801/ 2034N|(SSN2% V':\;:S’Ht;ﬁ not_ that O];\A%ETKR
sacri ce 7 days later (7D/7D) and reinoculation 14 daysratte CVV (H5N1) virus an G-268M ( 9) virus on c

rst infection followed by mice sacri ce 5 days later (145 In cells Figure 65.

both schedules, ow cytometric analysis (R8(SEY) showed We hypothesized that peritoneal cavity uids from

a signi cant increase in T cells (CD3 positive populations: fromA/WSN/1933 virus-infected mice could neutralize apoptosis,

6.58% to 21.3% and 25.4%) but comparatively mild decreadierefore we determined the e ect of peritoneal cavity uids
in B cells (CD19 positive populations: (from 84.9% to 65.094°™ A/WSN/1933 virus-infected mice on apoptosis induced by

and 55.5%) in the peritoneal cavitfigure 54). Total B cell A/WSN/1933 virus and the other in uenza A viruses. Fo_r this
number was recovered to normal level in the experimentapurpose’ peritoneal cells that were pre-incubated with perigbne

group 14D/5D Figure S9A. In bone marrow, the population pavi%/ lijids, ;rom hA/WSN/l%S, virusl-infected mi_ce were
of T cells was increased in the experimental group 7pryrincubated with each in uenza A virus. Flow cytometric arsily

(3.01% to 5.55%) but there was no prominent change in ©f Annexin V stained-peritoneal cells revealed neutralomati
cells Figure 58). Total B cell number was increased in the ' A/WkSN/1933 virus-, rlETR CVV (H5N1) virus- and
experimental group 7D/7D Rigure S9B. In spleen, the cell A/Hongkong/4801/2014 (H3N2) virus-, but not NIBRG-268M

population was almost similar to those of the uninfected cohtr (H7N9) hvirus-induced apOpE?SLS _Of ﬁ( (I:ellst:igtére 6P da_mdd
mice (Figure 5C Figure S9G. These results indicate that the macrophages Higure 6G, which is likely to be mediate

second intraperitoneal inoculation does not induce cell déph by wrus-reaptlve ar_ltlbodles n _the pgntongal cavity .qlm
to the same extent as the rst inoculation. This protectioorfr contrast, preincubation of each virus with peritoneal cavsiyls

the second inoculation might be provided by the neutralizingfrom PBS-?njec_ted mice or “Om.‘a' mouse 19G (nlgG) had no
e ect on virus-induced apoptosisF{gures 6F,G. Our results

antibodies produced in the peritoneal cavity during the pripar h hile th bod : . AVi
exposure to the virus. A/WSN/1933 virus-reactive total IgGsqueStt atwhile the antibody against one in uenza A voas

and subclasses (IgG1, IgG2a, IgG2b, and IgG3) in both tﬁ%roadly bind to othgr in.uer)za's.tr.ains, its functional respees,
peritoneal cavity Figures 5D,B and the serum Figures 5F,G such as_h(_emgagglutlnatlon |nh|b|t!on, plague neL_Jtrallzatumd
were signi cantly higher in the 14D/5D set than in the 7D/7D apoptosis inhibition, may be restricted to fewer viruses.

set, with IgG3 being the major subclass produced. In conaiysi

repeated intraperitoneal infection of mice with the same siru A/\WSN/1933 Virus Infection Induces

induced signi cantly increased amounts of virus-reactigg Cross-Protection Against

in the peritoneal cavity as well as in the serum without dms“dAIHongkong/4801/2014 (H3N2) Virus

change of B cell population. This protection from the secon 5 ) | ; s obtained f SN/1933
inoculation might be provided by the neutralizing antibosglie ince perltonea' caylty uias o taine from: AW N/
virus-infected mice inhibited hemagglutinationFigure 6D),

roduced in the peritoneal cavity during the primary exposure
![OO the virus P y g P y exp plague formation Figure 6B, and apoptosis Kigures 6F,G

mediated by the A/Hongkong/4801/2014 (H3N2) strain, we

. . . . decided to investigate the protective e ect of A/WSN/1933
AIWSN/1933 Virus-Reactive Antibodies virus inoculation on A/Hongkong/4801/2014 (H3N2) virus

Exhibit Cross-Reactivity Against Other infection in vivo. For this purpose, we rst injected BALB/c

In uenza A Viruses mice intraperitoneally with dierent doses of H3N2 virus
In order to examine the degree of protection conferredto determine the optimal dose for the infection following
by A/WSN/1933 virus-induced antibodies in the peritonealA/WSN/1933 virus inoculation. We observed 50% mortality
cavity, we analyzed the reactivity of peritoneal cavity uid5 days after challenge with A/Hongkong/4801/2014 (H3N2)
to A/WSN/1933 virus as well as its cross-reactivity to threat the highest dose tested (1 10° pfu), whereas infection
other in uenza A viruses: wt A/Hongkong/4801/2014 (H3N2), with lower doses resulted in 100% survividigure S10Q. As
rlIETR CVV (H5N1), NIBRG-268M (H7N9). ELISA revealed with A/WSN/1933 virus infection Figures 2A,B, massive loss
that A/WSN/1933 virus-reactive I1gG in the peritoneal cavityof peritoneal cavity B cellsF{gure 7A) and bone marrow
uids (Figure 6A) and serum Figure 6B) obtained 14 days after B cells Figure 7B) was observed at day 5 post-infection
infection bound to A/WSN/1933 virus with the highest e ciey, in mice that survived the high-dose A/Hongkong/4801/2014
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FIGURE 5 | Re-infection with A/IWSN/1933 virus limits B cell death and ingces antibody production. (A) Schematic diagram of the experimental procedure. BALB/c
mice (0 D 5/group) were sacri ced after repeated intraperitoneal inoalation with PBS or 5 108 pfu of AAWSN/1933 virus. 7D/7D represents a procedure consistig
of a rstinfection, a second infection after 7 days, and then acri ce after another 7 days. 14D/5D represents a procedure ofrst infection, second infection after 14
days, and then sacri ce after another 5 days. Peritoneal caty cells (B), bone marrow cells(C), and splenocytes (D) (FSdOWSSC'OW) were gated, and stained with
uorescence-conjugated antibodies (CD19, B220) and then anlyzed by ow cytometry. (E-H) Peritoneal cavity uids and sera were collected from the micend the
amounts of total IgG(E,G) and IgG subclasses(F,H) in the peritoneal cavity(E,F) and serum (G,H) were quanti ed by ELISA. Figures are representative of three
replicate experiments.
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FIGURE 6 | Cross reactivity of A/IWSN/1933 virus-induced antibody to othr in uenza A viruses. Peritoneal cavity uids and sera were dtected from BALB/c mice

(n D 5/group) 14 days after intraperitoneal inoculation with 5 106 pfu of AIWSN/1933 virus. (A,B) Amounts of IgG cross-reactive against other in uenza A virusein
peritoneal cavity uids(A) and sera(B) obtained from A/WSN/1933 virus-inoculated mice were quanti & by ELISA. **p < 0.0005. (C) Identi cation of cross-reactivity
by western blotting. In uenza protein samples from in uenza A iruses were separated by SDS-PAGE and then examined by weste blot analysis with the peritoneal
cavity uids of A/WSN/1933 virus-inoculated (WSN PC sup) or PBSnoculated (PBS PC sup) mice(D) Identi cation of cross reactivity by a hemagglutination
inhibition (HI) assay. Hl titers of the peritoneal cavity usdfrom A/WSN/1933 virus-injected BALB/c were performed with 4 emagglutination units (4HA) of each

in uenza A virus. (E) Identi cation of cross-reactivity by virus neutralization ssay. The ability of the peritoneal cavity uids of A/WSN/1933iws-inoculated mice to
neutralize the plaque forming ability of each in uenza A visuwas determined by counting plaques and calculating the netnalization percentage.(F,G) PBS-injected
peritoneal cavity uids (PBS PC Sup), A/IWSN/1933 virus-inocated peritoneal cavity uids (WSN PC Sup), or mouse normal IgG(gG) were incubated with the
indicated in uenza A viruses for 1 h and then incubated with patoneal cells.(F) After 72 h of incubation, the cells were stained with uorescace-conjugated
antibodies (CD19, B220) and Annexin V and then analyzed by owytometry. Annexin V-positive B cells are represented in $tograms. (G) After 72 h of incubation,
the cells were stained with uorescence-conjugated antibodes (CD11b, F4/80) and Annexin V and then analyzed by ow cytontey. Annexin V-positive macrophages
are represented in histograms. PC Sup, Peritoneal cavity ds. WSN, A/WSN/1933 (H1N1). H3N2, A/Hongkong/4801/2014 (H3N2)H5N1, rIETR CVV (H5N1).
H7N9, NIBRG-268M (H7N9).

(H3N2) virus infection. Marked inltration of T cells in BALB/c mice intraperitoneally infected with A/WSN/1933
the peritoneal cavity was also foundrigure 7A). Next, to virus were intraperitoneally inoculated with a high dose
examine the protective e ect of A/IWSN/1933 virus infection,of A/Hongkong/4801/2014 (H3N2) virus 7 days later and
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sacriced after 5 days to test for any changes in B celintramuscularly or intranasally & 36). Here, we compared
populations in the peritoneal cavity and bone marrow.the immunogenicity of live and inactivated A/WSN/1933 \8ru
Subsequent exposure to A/Hongkong/4801/2014 (H3NZ2) viruafter intraperitoneal inoculation and found that the amounts
had comparatively mild or minor e ect on B cell populations of virus-reactive antibodies at various time points remaine
in the peritoneal cavity (from 83.0 to 54.1%igure 7C or the  signi cantly higher (approximately 610 fold) in the live
bone marrow (69.6 to 81.8%ijgure 7D). We found that while A/WSN/1933 virus-infected mice than in the mice infected
mice infected only with A/Hongkong/4801/2014 (H3N2) virus with UV-inactivated A/IWSN/1933 virus, supporting the superior
exhibited only 50% survival within 5 days, the mice iniall e ect of the live virus.
inoculated with A/WSN/1933 virus and then exposed to the Since the inuenza A virus has been detected in the
A/Hongkong/4801/2014 (H3N2) virus exhibited 100% surVivalungs, heart, blood, kidney, brain, spleen and bone marrow
for up to 14 days after A/Hongkong/4801/2014 (H3N2) virusby hemagglutination assays and plaque assays after inglanas
infection (Figure 7B. These results suggest that A/AWSN/1933noculation ©), we examined the presence of A/WSN/1933 virus
virus infection can protect against future infection with @dl following intraperitoneal inoculation in these tissues ajomith
dose of the A/Hongkong/4801/2014 (H3NZ2) virus. peritoneal cells and uids. There was no sign of replication
We examined the presence of A/IWSN/1933 virus followingdf in uenza virus in the peritoneal cells. In early time points
intraperitoneal inoculation. There was no sign of replicatioin  after virus inoculation, the presence of A/IWSN/1933 virus was
in uenza virus in the peritoneal cells. In early time pointseft con rmed by plaque assays in in the lungs, heart, blood, kigne
virus inoculation (5 10° pfu/mouse, 24 h), the presence of spleen and bone marrow. However, we could not detect the
A/WSN/1933 virus was con rmed by plaque assays in the spleevirus in any of these organs from infected mice when we
and peritoneal cavity. However, we could not detect the virugxamined at 5 to 14 days post-infection. These results sutgest
in any of these organs from infected mice when we examinethmune responses to in uenza A virus in the peritoneal cavity
at 5 to 14 days post-infectionF{gure 7F. Furthermore, we resultin virus-reactive antibody production and these hotlies
tried virus infectionin vitro in cells of the peritoneal cavity. e ciently block the viruses in peritoneal cavity as well as in
However, we could not detect the virus ampli cation. Next, other organs.
we measured virus titers in the peritoneal cavity, liver,dun B-1 cells produce natural IgM antibody against infection
kidney, and spleen after intraperitoneal infection of H3N2 (lin the infected region. In the respiratory tract in uenza us
10 pfu/mouse). After 24 h, the viruses were found in all theinfection, it was reported that B-1 cells produce natural IgM
examined organsHigure 7G. However, we could not detect antibody in the airway space3® 40. In contrast, there is
viruses anywhere 5 days after infectidrigure 7H). Therefore, no report regarding production of natural in uenza-binding
it is likely that H3N2 in uenza viruses don't replicate in mice IgM by B-1 cells in response to intramuscular infection of
either. When the mice were infected rst with A/WSN/1933 in uenza A virus till now. In this study, we also found
virus and then superinfected with H3N2 later, there were ndncreased production of A/IWSN/1933-binding IgM in response
viruses found in the examined organBigure 7). Considering to inoculation of A/WSN/1933 virus in the peritoneal cavity
these data, we speculate that the A/WSN/1933 virus infectioat early time points. CD% T cell-independent B cell response
induces immune responses which can protect mice againstight occur frequently in case of peritoneal infection besmaB-1
A/Hongkong/4801/2014 (H3N2) virus infection independsntl cells are dominant population in the peritoneal cavity. Therefo
of virus replication. it can be an advantageous factor that can explain the potent
activity of peritoneal cells. As we didn't directly comparetimne
responses of intraperitoneal infection with those of intraakor
DISCUSSION intramuscular infection, we can't de ne the importance of1B-
cells population ratio at this time.
In development of vaccines against viral diseases, the mfute Intranasal infection of mice with in uenza A virus induces
infection or vaccination is an important issue because thergevere loss of blood lymphocytes, bone marrow cells and lung
can be immunological di erences depending on the routés (B cells resulting in malfunction of the immune systeB0D{23).
9). Previously, other investigators showed that intraperital Apoptosis has been attributed as the cause of bone marrow and
inoculation of live in uenza A virus induced protection aget spleen B cell death following virus infectioriZ3¢24). In uenza
intranasal infections in mouse and ferret model${19). Here, A virus has also been reported to induce apoptosis of human
we investigated immune responses in the mouse peritonedycaviairway epithelial cells4(). Consistent with these reports, we
after intraperitoneal infection with in uenza Avirusindatland  show that intraperitoneal infection with A/WSN/1933 virus
found a possibility that the immune responses in the peritoneatesulted in massive but transient peritoneal and bone marrow
cavity is unique and e ective in terms of antibody production B cell depletion.In vitro infection of peritoneal cells with
and its cross-reactivity. As we are focusing on immune respen A/WSN/1933 virus increased the populations of Annexin V-
in the peritoneal cavity here, we used intraperitoneal iritett stained B cells and macrophages. Furthermore, apoptotic death
rather than intranasal infection in this study to assess @ctibpn  of peritoneal cells was associated with increased expres$ion
conferred by intraperitoneal immunization. leaved PARP and Caspase-3 along with reduced levels of Bcl-2.
It was previously reported that live in uenza viruses areThisis consistent with previously reported inhibition of inenza
more powerful than inactivated vaccines when administered virus-induced apoptosis in MDCK cells by Bcl-22j. The
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FIGURE 7 | Cross-protection of A/IWSN/1933 virus inoculation against léhal dose of A/Hongkong/4801/2014 (H3N2) virus(A,B) BALB/c mice (n D 5) were sacri ced
5 days after a single intraperitoneal challenge with 1 108 pfu of wt A/Hong Kong/4801/2014 (H3N2) virus, and the populatias of peritoneal cavity B cell{A) and
bone marrow B cells(B) were analyzed by ow cytometry.(C,D) BALB/c mice (n D 10) were rst inoculated with A/WSN/1933 virus (5 108 pfu) and then inoculated
with A/Hongkong/4801/2014 (H3N2) (1 108 pfu) after 7 days, followed by sacri ce 5 days after the seconcthallenge. The B cell populations of the peritoneal cavity
(C) and bone marrow (D) were characterized by ow cytometry. (E) BALB/c mice (n D 10) were rst inoculated with A/WSN/1933 virus (5 x 16 pfu), and a second
inoculation with A/Hongkong/4801/2014 (H3N2) (1 108 pfu) was performed after 7 days. The mice were monitored for4d days, and survival percentages of the
mice were measured.(F) BALB/c mice were infected intraperitoneally with 5 106 pfu of AIWSN/1933 virus i D 5/group). After 24 h, 5 days and 14 days,
A/WSN/1933 virus titers in the indicated organs (pfu/g), blooénd peritoneal uids (pfu/ml) were determined by plaque assay(G,H) BALB/c mice were infected
intraperitoneally with 1 x 16 pfu of A/lHongkong/4801/2014 (H3N2) virus § D 15/group). After 24 h @ D 5), virus titers in the indicated organs (pfu/g) and peritoras
uids (pfu/ml) were determined by plaque assay(G). After 5 days, virus titers in the indicated organs (pfu/g) ahperitoneal uids (pfu/ml) of A/lHongkong/4801/2014
(H3N2) virus-infected mice (live micey D 5) were determined by plaque assayH). (I) BALB/c mice (h D 5) were rst intraperitoneally inoculated with A/WSN/1933
virus (5 108 pfu), and a second inoculation with A/Hongkong/4801/2014 (H312) (1 108 pfu) was performed after 7 days. After another 5 days, virusters in the
indicated organs (pfu/g) and peritoneal uids (pfu/ml) were dermined by plaque assay. WSN, A/WSN/1933 virus. H3N2, A/Honging/4801/2014 (H3N2) virus.

mouse macrophage cell line RAW 264.7, that can be infected loyass switching of antibody producing B cells. As B-1 cells
in uenza A virus (43), also underwent apoptosis upon infection are more resistant to apoptosis induced by A/WSN/1933 virus
with A/WSN/1933 A virus. These results suggest that apoptosiafection than B-2 cells, B-1 cells may be involved in the ED4
is responsible for the depletion of B cells and macrophagesein thr cell-independent antibody response at early stage and<CD4
peritoneal cavity. Importantly, the peritoneal cavity inclndthe T cell-dependent antibody responses may occur later. When we
antiviral IgG inhibited the in uenza A virus-induced apoptisof  analyzed populations of B cells in the peritoneal cavity at 14
peritoneal B cells and macrophages. days post-infection, we observed increase in the numbers of B
Even though the peritoneal cavity cells were subjected teells and B-1 cells compared to control mice. We also observed
apoptosis, production of A/WSN/1933 virus-reactive IgM andincrease of Ig€ B-1 and Ig& B-2 cells at 14 days post-infection.
IgG decreased and increased over time, respectively, siumggest-rom our results, major key population producing virus-regeti
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antibodies is still unclear. Therefore, the contributiohB31 and  various inuenza viruses, such as A/Hongkong/4801/2014
B-2 cells to production of A/WSN/1933-reactive antibodiesd  (H3N2) virus, rIETR CVV (H5N1) virus, and NIBRG-268M
be determined. (H7N9) virus, explaining the cross-reactive protection by
A prior study revealed the accumulation of macrophages anthe in uenza vaccines. However, our further nding that
neutrophils in the lung soon after intranasal inoculation kit peritoneal cavity uid inhibited hemagglutination of only
A/WSN/1933 virus 44). An increase in neutrophil in Itration  A/Hongkong/4801/2014 (H3N2) virus and rIETR CVV (H5N1)
and its protective role during inuenza A virus infection virus and plague formation by only A/Hongkong/4801/2014
following intranasal infection has been describéf)(We found  (H3N2) virus may account for the limited function of in uera
that intraperitoneal challenge with A/WSN/1933 virus led tovaccines in terms of cross-reactivity. This phenomenon can b
marked depletion of macrophages from the peritoneal cavitynderstood in the context that in uenza viruses have di eten
at 12 h post-inoculation, while immense neutrophil in ltram  antigenic sites and glycosylation sites in the neighboragjon
occurred. These ndings suggest that neutrophils may bef receptor binding domains and di erent amino acid sequences
important in the immunological responses and protection thatin the receptor binding domains of HA. Functional inhibiticof
follow intraperitoneal challenge with A/WSN/1933 virus. the antibody against in uenza infection may need more speci
Human in uenza virus binds toa-2,6-linked sialic acids blocking of the receptor binding domain and neighboring ragi
and avian inuenza virus toa-2,3-linked sialic acids4@). of receptor binding domains of the viruses than simple binding
Macrophage galactose-type receptors and mannose receptors egaction. Even though the antibody cannot neutralize rlIETR
also involved in the binding of in uenza A virus4@). Recently, CVV (H5N1) virus in MDCK cells, the antibody protects
the sialic acid receptors have been detected in the peritoneapoptosis of B cells in response to rIETR CVV (H5N1) virus. It
cavity cells of mice38). Here, we demonstrated the interaction suggests that blocking of infection needs more accurate t@rpo
between peritoneal cells and in uenza A virus and con rmeeth structural complementarity than blocking of apoptosis.
occurrence of botta-2,6-linked anda-2,3-linked sialic acids in Previously, H3N2 was reported not to cause severe disease or
B cells and macrophages of the peritoneal cavity. The existendeath in BALB/c mice with dose of ¥pfu (51-54). Interestingly,
of dual a-2,6-linked anda-2,3-linked sialic acids has beenwe found that intraperitoneal infection at a high dose of
reported previously in alveolar macrophages)( We suggest A/Hongkong/4801/2014 (H3N2) virus (1 1C° pfu) induced
that following intraperitoneal infection, A/AWSN/1933 vislbbinds  the death of BALB/c mice without sign of virus replication. We
to a-2,6-linked sialic acids and then induces apoptotic death oéxpect that this phenomenon may have resulted from severe
macrophages and B cells in the peritoneal cavity. Consideringicrovascular endothelial leakage of organs associatédnwi
that splenic B cells also expres2,6 sialic acid but apoptosis the peritoneal cavity as previously reportesh,(56). It is also
of splenic B cells was not induced by A/WSN/1933, it is likelypossible that there are other reasons unidenti ed. Theregfore
that there can be some di erential signaling after A/AWSN/393 further investigation of the detailed mechanism involvedte
binding. The di erence between the splenic B cells and periébne death of mice is necessary.
cells has to be investigated in future work. We observed that A/WSN/1933 virus infection induced
Next, we noticed that repeated infection with A/WSN/1933immunity against lethal intraperitoneal A/Hongkong/48Q@014
virus did not have adverse e ects on B cells or macrophage§43N2) virus exposure in BALB/c mice. This protection might
we attributed this to the neutralizing antibodies produced i be provided by A/IWSN/1933 virus-reactive 1gG in the peritdnea
response to the rst exposure. We also perceived a signi cantavity, as explained by ouin vitro assays. Given the role
increase in the A/WSN/1933 virus-reactive 1gG productionof increased magnitude of CIS8T cell memory in response
following repeated infection with A/WSN/1933 virus. Theto sequential priming or reinfection5(, 58) and our results
proliferation of A/WSN/1933 virus-reactive B cells may beregarding the increased T cell population after A/IWSN/1933
responsible for the higher antibody response and thereforeirus infection, repeated A/WSN/1933 virus infection may
increased protection after re-infection. Conversely, régea further enhance generation of immunological memory in our
intranasal infection with low-dose in uenza virus resulis  system. Therefore, this issue must be pursued in future etudi
severe disease in miced. These results suggest that the immuneto better understand the e ect of vaccination.
responses against in uenza A virus operate dierently in the In short, this is the rst report showing the responses of
peritoneal cavity and the lung airway. We speculate that whilperitoneal cells to intraperitoneal inoculation of in uenza
extensive depletion of immune cells occurs in response tevirwirus. Our results suggest that the immunological responses
infection, A/WSN/1933 virus-reactive immune cell population in the peritoneal cavity can be greatly e ective in response
are selected and expanded in the peritoneal cavity. to virus infection in mice. It is unclear how we can
It has been reported that cross-protection against pandemiapply this information to human system. However, we can
H1N1 virus can be induced by seasonal H1IN1 virus infecti@n vipostulate a possibility that there can be a route of choice
a CD& T cell-independent, B cell-dependent mechanistd)( for vaccination against in uenza virus in humans; therefore
Similarly, the intranasal administration of gamma-irrated further studies on the e ects of dierent vaccination routes
A/PR8/H1NL1 virus preparation was protective against seasonate required. We have also shown that reinfection can induce
and avian H5N1 in uenza virus infection$(). Here, we found increasingly powerful and cross-protective immune responses
that the antibodies produced by challenge with intraperitahe possibly through in uenza A virus-induced antibody produatio
inoculation with A/WSN/1933 virus were poly-reactive to Considering thatthe in uenza viruses undergo reassorttard
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evolve pathogenically, our results may provide a strategy f@M, JP, JK, and HL carried out the experiments; H-JK, AG, M-SP,
e cacious vaccine development against the continuous thoda and YL analyzed data. All authors approved the nal version of
new in uenza A viruses. the manuscript.
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