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Comparative studies of mucosal humoral and cellular immune responses
to 2009 pandemic HIN1 influenza virus in mice
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Summary. - The nasal-associated lymphoid tissues (NALTs), embedded in the submucosa of murine upper
respiratory tract, represents an important site of induction for local mucosal immune responses to airborne
pathogens and intranasal vaccines. Here, we systematically investigated the mucosal humoral and cellular
immune responses of NALTs in mice infected with A/Beijing/501/2009 (BJ501) and A/Puerto Rico/8/1934
(PR8) viruses. Compared with PR8 infection, BJ501 induced a more rapid increase of virus-specific IgA and
IgG antibodies in the nasal lavage fluid and a higher ratio of IgG1/IgG2a, indicating a stronger Th2 response
to BJ501 in mucosal immunity. In addition, using virus-specific enzyme-linked immunospot assay (ELISpot
assay), we observed higher and earlier responses of virus-specific IgA and IgG antibody-secreting cells (ASCs)
and IFN-y and IL-4 cytokine-secreting cells (CSCs) in NALTSs of mice intranasally infected with BJ501 virus. In
particular, the frequency of BJ501-specific IFN-y-CSCs significantly correlated with the kinetics of BJ501 virus
load in NALTSs, suggesting an important role of IFN-y-CSCs-associated mucosal cellular immune responses in
BJ501 virus clearance. Collectively, BJ501 induced a more comprehensive and rapid mucosal immune responses
in NALTs of mice, providing further understanding of the immune responses elicited by 2009 pandemic HIN1
virus in upper respiratory tract.
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Introduction

Influenza is a highly acute respiratory disease caused by
influenza virus infection of the upper and lower respiratory
tracts of the host and poses a huge threat to the worldwide
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public health (Stohr, 2002). In 2009, at least 284,000 people
died in the first 12 months of the pandemic caused by the
highly contagious novel HIN1 influenza virus strain (Da-
wood et al., 2012). Given that the respiratory tract is the
first site exposed to inhaled influenza virus invasion and is
equipped with a network of lymphoid tissues, the mucosal
immune responses to 2009 pandemic HIN1 influenza virus
may be associated with the host immune response and af-
fect the severity of the respiratory disease (Ma et al., 2011).
Our previous study demonstrated that, in response to lower
respiratory tract (LRT) infection, the 2009 pandemic HIN1
influenza virus strain A/Beijing/501/2009 (BJ501, HIN1)
caused different pulmonary immunity and fatal illness pat-
terns in mice compared with the mouse-adapted pathogenic
influenza virus strain A/Puerto Rico/8/1934 (PRS8, HIN1)
(Lv et al., 2014). However, the responses of mucosal humoral
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and cellular immunities in the upper respiratory tract (URT)
following 2009 pandemic HIN1 influenza virus infection are
less well understood.

In the upper respiratory tract of mice, highly organized
lymphoid tissues located at the base of the nasal cavities,
named nasal-associated lymphoid tissues (NALTs), have
been widely regarded as the functional equivalent of the
Waldeyer's ring of humans and Peyer's patches of the gut
(Kiyono and Fukuyama, 2004; Randall and Mebius, 2014).
NALTs are known to be involved in the induction of local
mucosal as well as systemic immunity after intranasal ad-
ministration of antigens or viral vaccines (Hoft et al., 2017;
Yang et al., 2011). Antiviral IgA and IgG antibodies in the
upper respiratory tract were considered to be the primary
mechanisms of mucosal immunity against PR8 influenza
virus infection (Tamura et al., 1998; Watanabe et al., 2002).
Recently, NALTSs were also found to be an induction site for
recalling memory CD8+ T cells after PR8 influenza virus
infection, and played an important role in cytotoxic T lym-
phocyte (CTL) immunity against pathogenic influenza virus
(Pizzolla et al., 2017). Nevertheless, the participation of the
local mucosa-associated lymphoid tissues in generation of
protective immunity against 2009 pandemic BJ501 influenza
strain infection remains to be elucidated.

In the present study, we systematically assessed the in vivo
kinetics of viral-specific serum antibodies against BJ501 and
PRS influenza virus strains and compared the mucosal hu-
moral and cellular immune responses of different influenza
strains in mice.

Materials and Methods

Ethics statement. The animal research was approved by the
Animal Subjects Research Review Board of the Beijing Institute of
Microbiology and Epidemiology (approval No. SYKX-2007-005),
and was carried out in strict accordance with the recommenda-
tions in the Guide for Care and Use of Laboratory Animals of the
National Institutes of Health.

Mice. Female BALB/c mice at 6-8-week-old were purchased
from the Institute of Jingfeng Medical Laboratory Animal and
housed in the Animal Care Facilities under BSL2 pathogen-free
conditions. Accordingly, all possible care was taken to minimize
suffering.

Viruses. The mouse-adapted pathogenic A/Puerto Rico/8/1934
(HIN1) influenza virus strain was kindly provided by Dr. Yue-long
Shu, Chinese Center for Disease Control and Prevention. The in-
fluenza HIN1 virus A/Beijing/501/2009 (B]J501) was isolated from
a patient from Beijing in 2009 and preserved in our lab. Viruses
were propagated by inoculation into 10-day-old specific-pathogen
free (SPF) chicken embryos (Laboratory Animal Center, Beijing,
China) via the allantoic route. Infected allantoic fluids were pooled
and stored at -80°C until use. The 50% tissue culture infectious

dose (TCIDj,) for each virus was determined by serial dilution of
the virus in Madin-Darby canine kidney (MDCK) cells (ATCC,
Virginia, USA) and calculated by the previously described method
(Neumann and Kawaoka, 2001). The viral titers were determined
by standard plaque assays in MDCK cells as previously described
(Zeng et al., 2007). After 48 h of incubation at 37°C, plaques were
stained with 0.1% crystal violet and counted. All experiments with
live influenza viruses were performed in the approved bio-safety
level 3 animal facilities.

Viral infection of mice. Viral infections of BJ501 and PR8 in mice
were performed as described previously (Lv et al., 2014). Briefly, a
total of 105 mice in each group were anesthetized with inhalation
diethyl ether and intranasally inoculated with 25 pl of virus sus-
pension containing 5x10° PFU of BJ501 or PR8 virus in phosphate
buffered saline (PBS). In addition, a normal control group was given
intranasal PBS (mock treatment). Mice were sacrificed at different
time points (2, 4, 6, 8, 10, 12, 14 days) after virus infection, and the
nasal lavage fluid and nasal-associated lymphoid tissues (NALTs),
respectively, were collected from 15 mice in each group.

Preparation of nasal lavage fluid. For nasal lavage recovery, the
nasal cavity was stripped out and washed with three separate injec-
tions of 0.2 ml sterile PBS at room temperature through a 200 pl
pipette. The collected nasal lavage fluid was centrifuged at 1000xg
for 15 min. The supernatants were recovered and stored at -20°C
for antibody titer analysis by ELISA.

Preparation of NALT lymphocytes. Mice were sacrificed on days
2,4, 6,8, 10, 12 and 14 after influenza virus infection, and their
NALT lymphocytes were separated from infected mice, as described
previously (Tamura et al., 1998). In brief, the NALTS, localized bi-
laterally on the posterior side of the palate, were removed from the
nasal cavity by cutting along the inside edges of the upper molars
with a scalpel and then peeling the tissue away from the roof of the
mouth. The NALT fragments were mechanically disrupted through
a stainless-steel mesh and NALT lymphocytes were released in 5 ml
complete RPMI 1640 medium containing 2% fetal calf serum (FCS).
Viable lymphocytes were further purified by red blood cell lysing
buffer (0.16 M NH4CI, 0.17 M Tris-HCI, pH 7.4) and isolated by
centrifugation at 1000xg for 10 min.

Quantitative analysis of viral RNA. Total RNA was extracted
from the fresh NALTSs using Trizol (Invitrogen, USA) reagent ac-
cording to the manufacturer's instructions. For viral load quantifica-
tion, a single-tube, real-time Tagman RT-PCR assay was performed
using the Tagman one-step RT-PCR Master Mix in the Roche
Light Cycler 480 II Real-Time PCR Detection System (Roche Ltd.,
Switzerland). The primers and probe were designed according to
the conserved region of the influenza matrix (M) gene for PR8 as
previously described (Jelley-Gibbs et al., 2007), and for the detec-
tion of BJ501, the primers and probe were designed according to
the Centers for Disease Control and Prevention (CDC) protocol
for swine influenza A virus (Bolotin et al., 2009).

ELISpot (enzyme-linked immunospot) assay for antibody secreting
cells (ASCs) and cytokine secreting cells (CSCs). NALT lymphocytes
were obtained from mice after infection at different time points, and
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Fig. 1

Viral load of BJ501 and PRS viruses in NALTs of mice

Viral loads were determined in fresh NALTs at each time point post-
infection by real time RT-PCR analysis and were represented as viral RNA
copies per milligram NALT tissue. Mean viral load is representative of
5-6 mice NALTSs per time point/group, and the bars indicate the standard
deviations. *p <0.05, compared among different time points within BJ501
virus infection, *compared among different time-points within PR8 virus
infection, *p < 0.05 and **p <0.01, compared between BJ501 and PR8 infec-
tions at the same time point.

the single-lymphocyte suspensions were prepared for quantifying
virus-specific ASCs and CSCs using the ELISpot 96-well plates (Mil-
litier HA; Millipore). According to the purpose, the ELISpot plate
was coated with 2.5 pug/ml purified PR8 or BJ501 antigen for influ-
enza virus-specific ASCs determination, or coated with anti-mouse
IFN-y, and IL-4 capture antibody for IFN-y- and IL-4-producing
cells detection. A total of 2x10° cells of lymphocytes suspensions
were added to each well. All ELISpot assays were performed ac-
cording to our previously described procedure (Lv et al., 2014).

Measurement of antibody level by enzyme-linked immunosorbent
assay (ELISA). ELISA was carried out as described previously in
plates coated with 1 pg/ml per well of inactivated PR8 or BJ501 in-
fluenza virus (Lv et al., 2014). For the detection of influenza-specific
mucosal antibodies, the goat anti-mouse IgA, IgM (Invitrogen), goat
anti-mouse IgG (Jackson ImmunoResearch Laboratories) and goat
anti-mouse IgG1, IgG2b, IgG2a, IgG2c¢, and IgG3 (Bethyl laborato-
ries, Inc.) antibodies conjugated with horseradish peroxidase were
used as secondary antibodies. The virus-specific antibody titer was
defined as the reciprocal value of the highest sample dilution giving
an absorbance value greater than twice that of the samples from the
negative controls. The titers were gained in duplicate.

Statistical analysis. Statistical differences at each time point
within one group were determined by one-way ANOVA test, while
statistical differences of the two viruses at the same time point were
determined by independent-sample t-test with SPSS19.0 software
(Chicago, IL, USA). The F-statistics and t-statistics, which indicated
the significant levels of statistics test, were determined as the ratios
of variation between sample means and variation within the sam-
ples. Values of p <0.05 were considered significant.

Results

The kinetics of viral RNA expression in NALTS of mice
infected with BJ501 and PR8

To elucidate the mucosal immune responses of URT
after influenza virus infection, the kinetics of viral repli-
cation in NALTs of mice was firstly examined following
intranasal infection with the same dose of BJ501 and PR8
viruses. Although replicating well in vivo, both viruses
exhibited significantly different viral replication kinetics in
the NALTs of mice. BJ501 had a significant decrease on day
6 after infection before replicating at a stable level (F = 7.85,
p=0.001, p <0.01), whereas PR8 virus maintained a relatively
stable replication level throughout the observation period.
However, the replication of BJ501 virus in the NALTs of
mice was generally higher than that of the PR8 virus, with
significant discrepancies on days 2, 4, 10 and 14 (t = 8.08,
p=0.001;t=324,p=0.032t=3.19,p=0.033and t = 6.11,
p =0.004) (Fig. 1).

Virus-specific nasal antibody responses in mice infected
with BJ501 and PR8

The virus-specific antibodies, including IgA, IgM and
IgG isotypes, were examined in the nasal lavage fluid of
mice infected with BJ501 or PR8 virus. BJ501-specific IgA
and IgG antibodies in nasal wash increased early, from day
2 post-infection, rose to their highest level on day 8 and
remained stable until day 14 (F = 20.88, p = 0.000 for IgA
and F =77.09, p = 0.000 for IgG) (Fig. 2a). Unlike antibodies
to BJ501 virus, anti-PR8 virus IgA and IgG antibodies were
first notably detected in the nasal wash on day 8, increased
to peak on day 10, and maintained a significant level through
day 14 (F = 52.54, p = 0.000 for IgA and F = 131.69, p = 0.000
for IgG), although the titer of IgA antibodies was slightly
decreased on day 12 (Fig. 2a). However, the IgM responses,
which were considered to be T cell-independent, were in-
duced in nasal lavage fluid of mice infected with BJ501 and
PR8 viruses (F = 40.29, p = 0.000 for BJ501 and F = 49.73,
p =0.000 for PR8) on day 2 and exhibited no significant dif-
ferences in titer kinetics during the study (Fig. 2a).

We further compared the profiles of specific IgG isotypes
response to BJ501 virus and PR8 virus from day 8 to day
14 after viral infection. As shown in Figure 2b, the viruses
induced four subtypes of IgG antibodies in the nasal lavage
fluid, including IgG1, IgG2a, IgG2b and IgG3. The dynamic
response pattern of IgG3 antibody was similar to that of
IgG1, and IgG2a was similar to IgG2b. No detectable IgG2c
was found in this study (data not shown). However, the ratio
of IgG1 to IgG2a, an indicator of Th2 response, increased
gradually to its maximum level on day 8, was significantly
higher in BJ501-infected mice than in PR8-infected mice
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Fig. 2

Virus-specific nasal antibody responses in the NALTs of mice with influenza virus infection
Titers of virus-specific IgA, IgM, IgG antibodies (a) and specific IgG isotypes including IgG1, IgG2a, IgG2b and IgG3 antibodies (b) in the NALTs of
mice after infection with 5x10° PFU of BJ501 or PR8 virus. Five mice in each group were sacrificed at each time point post infection, and virus-specific
antibodies in NALTs were determined by ELISA. Mice without infection were used as the control group. The dotted lines depict the control level. *p <0.05,
compared among different time points within BJ501 virus infection, “compared among different time points within PR8 virus infection, *p <0.05 and
**p <0.01, compared between BJ501 and PR8 infections at the same time point.

(t = 3.60, p = 0.022) during the study; thus it suggested a
stronger Th2 response predominance in the BJ501 infection.

Virus-specific ASCs responses in NALTS of mice infected
with BJ501 and PR8

Owing to the importance of ASCs in nasal antibody pro-
duction and maintenance, we further assessed the frequen-
cies and Ig isotype pattern (IgA and IgG) of virus-specific
ASCs responses in the NALTSs of mice infected intranasally
with BJ501 and PR8 (Fig. 3). The peak of BJ501-specific
IgA* ASCs responses was first detected on day 8 and dra-
matically declined thereafter to approximate the baseline
on day 14 (F = 466.54, p = 0.000) (Fig. 3a). The frequency
of PR8-specific IgA* ASCs, peaked on day 10, was about
five times lower than the peak frequency of BJ501 specific
IgA* ASCs, and dropped sharply to the baseline on day 12
(F = 33.84, p = 0.000) (Fig. 3a). In contrast, the responses
of virus-specific IgG* ASCs in NALTSs exhibited an earlier
and more robust pattern than IgA* ASCs. Both BJ501 and
PR8 virus-specific IgG* ASCs appeared first on day 6 after
infection, and BJ501 reached its peak on day 8, earlier than
that of PR8 on day 10 (F = 188.50, p = 0.000 for BJ501 and
F = 96.05, p = 0.000 for PR8) (Fig. 3b). Moreover, the fre-
quency of BJ501-specific IgG* ASCs was significantly higher
than that of PR8 (p <0.05, and p <0.01) in the course of study

(Fig. 3b). These data suggested that BJ501 induced a stronger
and faster mucosal humoral immune responses than PR8 in
in NALTs of mice.

Virus-specific CSCs responses in NALTS of mice infected
with BJ501 and PR8

The frequencies of IFN-y secreting cells (IFN-y-CSCs)
and IL-4 secreting cells (IL4-CSCs) are generally considered
to be the indicators of Th1 dominance and Th2 dominance
in the cellular immune response, respectively. As shown in
Figure 4, BJ501-specific IFN-y-CSCs responses were first
detected in NALTSs of mice on day 4, peaked on day 6, and
slowly decreased to 1/5 of the peak on day 12. Interestingly,
the frequency of BJ501-specific IFN-y-CSCs had a slight
recovery on day 14 (F = 107.62, p = 0.000) (Fig. 4a). In con-
trast, the PR8-specific IFN-y-CSCs responses, significantly
lower than BJ501-specific (p <0.01), were first detected to
peak on day 6 and then significantly dropped to the baseline
on day 8 and day 14 (F = 49.22, p = 0.000) (Fig. 4a). For Th2
responses, the frequencies of IL-4-CSCs in BJ501-infected
NALTs were significantly higher than those in PR8-infected
NALTSs during the study (p <0.05 and p <0.01). Moreover,
the IL-4-CSCs were first detected on day 6 in BJ501-infected
NALTs, earlier than in PR8-infected on day 10 (Fig. 4b).
These results suggested that BJ501 induced a stronger mu-
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Influenza virus-specific ASCs responses in NALTs of mice infected with BJ501 or PR8
The frequencies of influenza virus-specific IgA (a) and IgG (b) ASCs (mean SFU/10°cells) in NALTS of five mice in each group were determined by ELISpot
analyses at different time points after infection with 5x10°PFU of BJ501 or PR8 virus. The data are represented as mean SFU /10° cells + standard deviation.
The dotted line at the bottom is the background of the PBS control. p <0.05, compared among different time points within BJ501 virus infection, com-
pared among different time points within PR8 virus infection, *p <0.05 and **p <0.01, compared between BJ501 and PR8 infection at the same time point.
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Influenza virus-specific CSCs responses in NALTs of mice infected with BJ501 and PR8
The frequencies of influenza virus-specific IFN-y* (a) and IL-4* (b) CSCs (mean SFU/10° cells) in NALTs of five mice in each group were determined
by ELISpot analyses at different time points after infection with 5x10° PFU of B]J501 or PR8 viruses. The data are represented as mean SFU/10° cells +
standard deviation. The dotted line at the bottom is the background of the PBS control. *p <0.05, compared among different time points within BJ501

virus infection, “compared among different time points within PR8 virus infection, *p < 0.05 and **p < 0.01, compared between BJ501 and PR8 infection
at the same time point.

cosal cellular immune response than PR8 in NALTs of mice, ~ important primary lymphoid organs in URT of mice, has
particularly the Th1 immune responses. evolved to promote the induction of a strong local mucosal
immune response to the respiratory pathogens (Petukhova et

al., 2009; Wiley et al., 2005). Here, we systematically analyzed

Discussion the mucosal humoral and cellular immune responses of NALTs

in mice intranasally infected with BJ501 and PR3 influenza

The upper respiratory tract (URT), as well as the region  viruses. We discovered that the 2009 pandemic HINT1 influ-
where intranasal vaccines are inoculated, plays an impor-  enza virus strain BJ501 induced a more comprehensive and
tant role as the first line of defense for human respiratory  rapid mucosal immune responses than PR8 in NALTSs of mice.
pathogens, including influenza virus (Rudraraju et al., 2014; The viral replication efficiency of different influenza virus
Surman et al., 2014). The organized NALT, one of the most  strains causing different mucosal immune responses remains
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largely unknown. Our previous study demonstrated that the
pulmonary viral load in PR8-infected lung was significantly
higher than that in BJ501-infected, and the decrease of viral
load was significantly earlier in the lungs of mice infected
with BJ501 virus (from day 10 post infection) than in those
infected with PR8 (from day 12 post infection) (Lv et al.,
2014). Interestingly, we here found that unlike the case in
the lung, BJ501 virus had a higher mucosal viral replication
efficiency in NALTs and decreased on day 6 after infection,
whereas PR8 virus maintained a relatively lower and stable
viral replication. To our knowledge, the 2009 pandemic
HINI1 virus is prone to respiratory transmission and slightly
more pathogenic than the seasonal HIN1 viruses (Munster
et al., 2009), probably because of the higher viral replication
activity of BJ501 virus in URT observed in our experiments.

Previous clinical reports indicated that cytokine storm is
involved in the pathology of severe 2009 pandemic influenza,
and mucosal immunity in NALTSs is the initial step leading
to cytokine storm (Cheng et al., 2011; Yang et al., 2012).
However, the underlying immune mechanism in NALTSs is
unclear. In the present study, we demonstrated that BJ501
induced a more rapid increase of virus-specific IgA and IgG
antibodies in the nasal lavage fluid and a higher ratio of IgG1
to IgG2a isotype, an indicator of Th2 response in mucosal
immunity. The Th2-biased response was considered to be
helpful for the humoral immune maturation against extracel-
lular pathogens by activation of antibody-secreting B lym-
phocytes (Mosmann et al., 2009; Peterson et al., 1998). IL-4
secretion was the representative of Th2 response. Indeed,
we observed a significantly higher frequency of IL-4-CSCs
induced by BJ501 infection in NALTs. Following exposure
to the milieu of IL-4 secretion and viral infection, the na-
tive B cells in the germinal center of NALTS are stimulated
to enter into a process of clonal expansion and differentiate
into virus-specific IgA and IgG ASCs. It had been demon-
strated that ASCs generation from specific B cell precursors
(Asanuma et al., 1998; Chiu et al., 2015; Tamura et al., 1998)
was closely related to the production of mucosal antibod-
ies. Thus, the rapid increase of BJ501-specific IgA and IgG
antibodies in nasal washes is probably caused by the fact
that BJ501 induced a more rapid activation of virus-specific
ASCs than PR8 (peaked at day-8 vs. at day-10). In addition,
the frequencies of virus-specific IgA and IgG ASCs in BJ501-
infected NALTSs were also significantly higher than those in
PR8-infected NALTSs, indicating that faster and more pro-
nounced mucosal humoral immune responses were induced
by intranasal BJ501 virus infection.

Previous studies indicated that IgA antibodies in the nasal
lavage fluid played a key role in virus clearance during PR8
infection in mice (Sakuma et al., 2015; Tamura et al., 1998).
However, under our current experimental conditions, we
failed to observe a significant correlation between mucosal
IgA antibody levels and the virus clearance in the process

of BJ501 infection, with the evidence that the viral load of
BJ501 in NALTs had a sharp decrease on day 6 after infec-
tion, while the BJ501-specific IgA antibody in nasal lavage
fluid increased to peak levels on day 8 after infection. That
might be due to the larger volume (25 pl vs. 2 pl) of influenza
virus used for intranasal inoculation in the present study,
where we established an infection model that localized the
virus to total respiratory tract (Lv et al., 2014), rather than
to the upper airways as in the previous studies (Asanuma et
al., 1998; Sakuma et al., 2015; Tamura et al., 1998). Interest-
ingly, we found that intranasal BJ501 virus infection could
induce a pronounced virus-specific IFN-y-CSCs response
in NALTs, which is considered the representative of Th1l
response against intracellular pathogens by activation of
cytotoxic T cells and NK cells (Miller et al., 2009; Yang et
al., 2017). Moreover, BJ501-specific IFN-y-CSCs responses
were first detected in NALTs of mice on day 4 and peaked
on day 6, which significantly correlated with the kinetics of
BJ501 virus load in NALTs. The present observation that
BJ501 virus clearance in NALTSs seemsto be mediated mainly
by IFN-y-CSCs response indicates that mucosal cellular im-
mune responses against influenza might be more important
than mucosal IgA or IgG antibody for hindering the spread
of 2009 pandemic HIN1 virus in the population.

In summary, we demonstrated that following intranasal
virus infection both BJ501 and PR8 could replicate efficiently
and induce pronounced mucosal humoral and cellular im-
mune responses in NALTs of mice. Specifically, the 2009
pandemic HIN1 virus strain BJ501 induced a more compre-
hensive and rapid mucosal immune responses than PR8 in
NALT: of mice, and mucosal IFN-y-CSCs responses served
as the primary mechanism for BJ501 virus clearance in
NALTs. These results have important implications for better
understanding of the immune response initiated following
2009 pandemic HIN1 virus infection in the URT.
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