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ABSTRACT

Influenza A virus (IAV) infection poses a substantial challenge and causes high morbidity and
mortality. Exacerbated pulmonary inflammatory responses are the major causes of extensive
diffuse alveolar immunopathological damage. However, the relationship between the extent of
cytokine storm, neutrophils/macrophages infiltration, and different IAV infection dose and time
still needs to be further elucidated, and it is still unclear whether the signal transduction and
transcriptional activator 1/3 (STAT1/3) signalling pathway plays a beneficial or detrimental role.
Here, we established a mouse model of high- and low-dose pHIN1 infection. We found that
pH1NT1 infection induced robust and early pathological damage and cytokine storm in an infec-
tion dose- and time-dependent manner. High-dose pH1N1 infection induced massive and sus-
tained recruitment of neutrophils as well as a higher ratio of M1:M2, which may contribute to
severe lung immunopathological damage. pH1N1 infection activated dose- and time-dependent
STAT1 and STAT3. Inhibition of STAT1 and/or STAT3 aggravated low-dose pHINT infection,
induced lung damage, and decreased survival rate. Appropriate activation of STAT1/3 provided
survival benefits and pathological improvement during low-dose pH1N1 infection. These results
demonstrate that high-dose pH1N1 infection induces robust and sustained neutrophil infiltration,
imbalanced macrophage polarization, excessive and earlier cytokine storm, and STAT1/3 activa-
tion, which are associated with pulmonary dysregulated proinflammatory responses and progress
of acute lung injury. The severe innate immune responses may be the threshold at which
protective functions give way to immunopathology, and assessing the magnitude of host innate
immune responses is necessary in adjunctive immunomodulatory therapy for alleviating influ-
enza-induced pneumonia.
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Introduction tory distress syndrome, and even multiple organ fail-

Influenza A virus (IAV) is a highly infectious respira-
tory pathogen. Severe pandemic influenza A (HINI)
2009 virus (pHIN1) and H3N2 epidemics are respon-
sible for more than 5 millions infection worldwide
and approximately 500,000 deaths annually [1].
Occasional pandemics of HIN1 infection causes
high morbidity and mortality worldwide, presenting
a great threat to international public health security
[2]. Our clinical data and mouse model experiments
revealed that severe pHINI1 infection presents with
rapidly progressive pneumonia characterized by
extensive and diffuse alveolar damage, acute respira-

ure, which causes significant mortality [3,4]. IAV can
directly infect and destroy lung epithelial cells and
alveolar macrophages to induce immune responses
and acute lung injury. A rational immune response
may help eliminate the influenza virus and maintain
immune homoeostasis. However, we and others have
found that immune response-induced
immunopathological damage plays a critical role in
the pathogenesis of severe pneumonia [4-6].
Comparison of IAV-induced innate immune
responses at indicated days post infection (dpi) with
different infectious doses is helpful to elucidate
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immunopathology and may be provide potential tar-
gets and strategies for the treatment of severe IAV
infection.

Evidence has shown that dysregulated innate
immune responses are closely related to high mortality.
TAV infection-induced cytokines play different roles at
different stages of infection. At the early stage, appro-
priate levels of cytokines protect the host against viral
infections. But excessive production of pro-
inflammatory cytokines, also termed “cytokine storm,”
have been regarded as the crucial reason for the lethal
clinical symptoms by causing a cascade of amplified
inflammatory effects [5,7]. In addition to specific ele-
vated cytokine levels, host or pathogen factors may also
be important in defining “cytokine storms” [8]. The
level of pro-inflammatory cytokines is significantly
increased during influenza virus infection, including
interleukin-6 (IL-6), interferon (IFN), tumour necrosis
factor (TNF), and chemokines [9]. The level of IFN-a/
or IFN-y production is the pivotal innate immune
defence response against viral infections, and IFN-y
plays an important role in the early stage of antiviral
response [10,11]. IFN not only blocks virus replication
by producing antiviral mediators, but it also aggravates
the immunopathological damage when it is dysregu-
lated [12]. The beneficial or detrimental effects may be
depended on the time and dose of infection.

Following viral infection, monocytes/macrophages
and neutrophils are the main innate immune cells
recruited into alveoli at the early stage of infection
[13]. Not only can monocytes/macrophages phagocy-
tose infected target cells, but they also can secrete
different cytokines by differentiating into different sub-
sets. Classically activated macrophage (M1) and alter-
natively activated macrophage (M2) are the most
common macrophage subtypes [14]. M1 cells polarized
at the early stage of infection can secret high amounts
of pro-inflammatory cytokines, which may play protec-
tive or immunopathological effects depending on their
concentrations and maintenance time [15]. M2 cells
play roles in inhibiting inflammation and repairing
tissue. The ratio of M1 to M2 changes continuously
until the pathogen is completely eliminated and tissue
repair reaches homoeostasis [16-18]. Dysregulated M1/
M2, such as the excessive activation of M1 cells, can
lead to severe inflammatory factor storms and tissue
damage [19]. Investigating the changes and ratios of
M1 and M2 in the lungs at different infection times and
doses will help to regulate immunopathological
damage.

As the central actor of IFN in inflammation
response, signal transducer and activator of transcrip-
tion (STAT) plays a key actor in natural immunity by
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directing the transcriptional response to IFNs and other
cytokines, thereby provoking antiviral responses and
inflammatory responses [20,21]. STAT1 and STAT3
can be activated by IFNs and IL family cytokines,
including IFN-a/B/y, IL-6, G-CSF, and IL-21 [22]. In
addition, STAT]1 also participated in the polarization of
macrophages to M1 [23,24]. STAT3 was involved in the
M2 polarization [25]. Furthermore, STAT1 deficiency
could exacerbate the pathological damage of IAV [26].
But our and other previous results demonstrated that
neutralizing IFNy improved survival and reduced lung
injury in mice with the high-dose of 10°/ml 50% tissue
culture infective doses (TCIDs,) pHINI infection
[27,28]. Investigating the expression and activity of
STAT1 and STAT3 in the lungs at different infection
doses and times will help further identify their benefi-
cial or harmful functions and determine potential ther-
apeutic drugs and the appropriate time of
administration for influenza treatment.

Here, we established a mouse model of pHINI1
infection with different infectious doses. We found
that high-dose influenza virus infection induces more
severe pathological damage, accompanied by higher
numbers and more sustained neutrophil infiltration,
more imbalanced macrophage subsets, a stronger and
earlier cytokine storm, and STAT1/3 activation. The
inhibition of STAT1 or/and STAT3 with Fludarabine,
C188-9, and Stattic decreased survival rate and
increased lung damage at low-dose pHIN1 infection.
Thus, our results show that high-dose pHINI1 infection
induced by stronger and earlier innate immune
responses may mediate pulmonary immunopathologi-
cal damage, and STAT1 and STATS3 activation may be
beneficial for low-dose pH1IN1 infection.

Materials and methods
Mice, influenza virus

Female BALB/c mice (specific pathogen-free, 6-8
weeks) and pHIN1 were donated from the Institute of
Laboratory Animal Science (Peking Union Medical
College, China).

Influenza virus infection

Mice were anesthetized and inoculated intranasally
with 10% and 10° TCIDs5, of pHINI virus in a volume
of 50 ul. Control group was treated with an equal
volume of phosphate-buffered saline. After infection,
the weight and the survival of mice were monitored
for 14 dpi or until death.
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Virus titrations

The homogenized lung tissues were collected, then
virus titrations were performed by end-point titration
in MadinDarby canine kidney cells and calculated using
the Reed-Muench method [4].

Inhibitors treatment

Fludarabine (Selleck, TX, USA), C188-9 (Selleck, TX,
USA), or Stattic (Selleck, TX, USA) was administered
by intraperitoneal injection alone or combined with
Oseltamivir (Roche, Basel, Switzerland) administered
by gavage once per day from 2 dpi for 7 days. The dose
for Oseltamivir was 30 mg/kg. For the mice treated
with Fludarabine, C188-9, or Stattic alone or com-
bined with Oseltamivir, a double dose of 100 pg/kg,
40 pg/kg, and 20 pg/kg was used to achieve the steady-
state blood concentrations on the first day.
A maintenance dose of 50 pg/kg, 20 pg/kg, and 10 ug/
kg, respectively, was administered during the follow-
ing 6 days. Control group was treated with an equal
volume of PBS.

Haematoxylin and eosin staining (H&E) and
histopathological assessment

The whole lung was fixed with 4% paraformalde-
hyde and embedded in paraffin. Pannoramic SCAN
150 (3DHISTECH, Budapest, Hungary) was used to
observe the sections. Ten fields of view were
selected from the scanned whole slides randomly
and then analysed by CaseViewer software
(3DHISTECH, Budapest, Hungary). Lung injury
score was assessed using a semiquantitative scoring
system [29]. The degree of oedema, interstitial and
alveolar haemorrhage, atelectasis, and pulmonary
septum thickening were scored according to the
following scale: 0 =no injury, 1=injury in 25% of
the field, 2 =injury in 50% of the field, 3 = injury in
75% of the field, and 4 = injury throughout the field.
Infiltration scores were assessed according to the
infiltration degree of inflammatory cells surround-
ing three large vessels and the main bronchus: 0=
no inflammatory cells, 1 =a few inflammatory cells,
2 =more uneven distribution of inflammatory cells,
3 =a large number of inflammatory cells distributed
relatively evenly and rarely gathered into a clump, 4
=a large number of inflammatory cells congregated
[30]. Results were analysed in blinded by an experi-
enced pathologist.

Immunohistochemical staining

Deparaffinized and hydrated of paraftin-embedded
lung sections. The expression of haemagglutinin (HA)
and the activation of STAT pathway were assessed
using anti-HA (1:2000; Sino Biological), anti-pSTAT1
(Tyr701) antibody (1:200, Cell Signalling Technology,
MA, USA) and anti-pSTAT3 (Tyr705) antibody (1:200,
Cell Signalling Technology). Macrophage infiltration
was explored using anti-F4/80 antibody (1:200, Cell
Signalling Technology). Neutrophil recruitment was
assessed using anti-Ly6G antibody (1:200, Cell
Signalling Technology). The antibody was detected by
streptavidin-biotin (Beijing Zhongshan Biotechnology
Co., Ltd., Beijing, China). Five slides were randomly
selected from the whole slides, and then evaluated using
Image J pro.

Obtaining of bronchoalveolar lavage fluid (BALF)

The lung was lavaged with 2 x 1 ml of PBS. The BALF
was centrifuged 1500 rpm at 4°C for 10 min, and the
supernatant was obtained and stored at —80°C.

Cytokine and chemokine analysis

The IL-6, IFN-a/B/y, IL-1p, IL-10, IL-12 (p70), IL-17A,
IL-21, IL-23, IL-28, CXCL1l, CCL2, CCL3, TNF-a,
G-CSF, and GM-CSF levels in 50 pl of BALF or serum
were assessed by Bio-Plex Mouse Cytokine Panel Assay
Kit (Bio-Rad Laboratories, CA, USA).

Flow cytometry analysis

The whole lung was cut into pieces with ophthalmic
scissors. The tissue was incubated with 0.1% type
I collagenase (Sigma, MO, USA) at 37°C for 60 min.
Then, the cells were homogenized through a 70 um cell
strainer (BD Biosciences). Isolated cells from lung tis-
sue of mice were first incubated with FVS510 (BD
Biosciences, CA, USA) for 15 min. After washing two
times with 2% FBS, cells were incubated with mono-
clonal antibody against CD16/CD32 (BD Pharmingen,
CA, USA) for 10 min to block Fc receptors. Next, cells
were stained with BB515-anti-CD45 (BD Biosciences),
BV421-anti-F4/80 (BD Biosciences), BV711-anti-Ly6G
(BD Biosciences), APC-anti-CD11b (BD Biosciences),
and PerCP-Cy5.5-anti-MHC-II (BD Biosciences) at 4°C
for 20 min. The cells were fixed and permeabilized with
200l Perm/Wash  Buffer (BD  Biosciences).
Intracellular staining of BV605-anti-CD206 antibody
(BD Biosciences) was incubated at 4°C for 40 min.
Specific cell types were identified as follows: neutrophil



(CD45"CD11b"Ly6G"), macrophage (CD45'F4/80"),
M1 macrophage (CD45'F4/80"MHC-II"), M2 macro-
phage (CD45'F4/80"CD206"). The data were analysed
with Flow Jo software (versionl0.3, Tree Star, Inc.,
Ashland OR, USA).

Real-Time PCR

Total RNA was extracted from the lungs using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) and then deter-
mined using Nano drop (Thermo Fisher Scientific,
Waltham, MA, USA) following the manufacturer’s
instructions. Eligible RNA samples OD260/280 were
between 1.9 and 2.0. 2 ug of complementary DNA was
synthesized with the FastKing RT Kit (With gDNase)
(TTANGEN, Beijing, China). Real-time PCR was per-
formed using the QuantiNova SYBR Green PCR Kit
(QIAGEN, Duesseldorf, Germany).

The following primers were used: Statl, F: 5-
TCACAGTGGTTCGAGCTTCAG-3,” R: 5- GCAAAC
GAGACATCATAGGCA-3; Stat3, F: 5-CAATACCA
TTGACCTGCCGAT-3,” R: 5- GAGCGACTCAAACTG
CCCT-3; Nos2, F: 5-CAGCTGGGCTGTACAAACCTT
-3) R 5- CATTGGAAGTGAAGCGTTTCG-3; Tnf-a, F:
5-CTGGGAGTAGACAAGGTACAACCCAT-3/R:  5-
ATTCGAGTGACAAGCCTGTAGCCCA-3;Mrcl, F: 5-
TGCAGTAACTGGTGGATTGTC-3, R:5-TGTTTTG
GTTGGGACTGACC-3; B-actin, F: 5-TGGAATCC
TGTGGCATCCATGAAAC-3,R:5-TAAAACGCAGCT
CAGTAACAGTCCG-3. The relative expression of target
genes was measured by 27**“" method.

Western blot analysis

Protein samples were obtained from homogenized lung
tissues. 10% SDS-polyacrylamide gel electrophoresis
was used to separate various proteins. Then, the pro-
teins were transferred to PVDF membranes.
Membranes were blocked with 5% non-fat dried milk
for 1 hour at room temperature and then incubated
with primary antibodies against the following:
p-STAT1 (Tyr701), STAT1, p-STAT3 (Tyr705),
STAT3, p-MEK, MEK, p-JNK, JNK, p-ERK, ERK,
p-P38, P38, p-AKT, AKT, and p-actin (all 1:1000, Cell
Signalling Technology, MA, USA) overnight at 4°C.
The appropriate HRP-coupled secondary antibody
(1:2000, Cell Signalling Technology, MA, USA) was
incubated for 1 hour at room temperature. Then the
signal was detected with chemiluminescence (Millipore
Corporation, MA, USA). ECL images of p-STATI
(Tyr701), STAT1, p-STAT3 (Tyr705), and STAT3
were analysed with Image J.
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Statistical analysis

The percentage of survival rate was shown by the
Kaplan - Meier method and analyses by log-rank test.
Comparisons between 2 groups was analysed by stu-
dent’s t-tests. To determine statistical significance
between >3 groups, assessment was done by ANOVA.
p <0.05 was considered statistically significant.

Results

pH1NT1 infection-induced pathological damage and
cytokine storm were infection dose- and
time-dependent

To compare the changes of lung pathological damage
and innate immune responses after pHIN1 infection
at different doses and time, a pHIN1 infection ani-
mal model was established using TCIDs, of 10%/ml
and 10%/ml. Following pHINI infection at different
doses, the weight changes and survival rates were
monitored for 14days. As shown in Figure 1lab
a TCIDs, of 10°/ml decreased the body weight to
70% of the control group, and the survival rate was
approximately 10%. A TCIDs, of 10%/ml induced
additional body weight loss, and all mice died on
the seventh dpi. Furthermore, the lungs and BALF
were analysed by histology or Bio-Plex multiplex
immunoassays at the indicated dpi.
Histopathological analysis of the lung revealed alveo-
lar oedema, necrosis, and haemorrhage accompanied
by increased widespread inflammatory cell infiltra-
tion, alveolar epithelial cell exfoliation, and thickened
alveolar walls at a TCIDs, of 10°/ml. More severe
parenchymal destruction, alveolar cavity fusion,
thickened alveolar walls, and inflammatory cell infil-
tration occurred following the administration of
a TCIDs, of 10%/ml (Figure Ilc-e).

Hypercytokinemia is associated with influenza virus
infection and leads to greater mortality [31]. The multi-
plex immunoassays show that pHINI infection
induced the elevated production of large amounts of
cytokines and chemokines, including IL-6, IFNa/p/y,
TNFa, IL-1p, CXCL1, CCL2, and CCL3 in BALF,
which are associated with acute lung injury (Figure 1f,
Supplementary Figure S1A). The levels of IL-6, IFNa,
IFNy, TNFa, and CXCL1 in serum were also signifi-
cantly increased (Figure 1g, Supplementary Figure
S1B). Compared with low-dose infection, the high-
dose infection induced a more robust and earlier cyto-
kine storm, and the peak of their concentrations was
advanced from 3-5 dpi to 1-3 dpi (Figure 1fg
Supplementary Figure S1A-B). Throughout the time
course of infection, the virus titre and the expression
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Figure 1. pHIN1 infection-induced pathological damage and cytokine storm were infection dose- and time-dependent. (A) Survival
rate and (B) body weight change after infection with 10? TCIDso and 10° TCIDso pH1N1. Data are representative of two independent
experiments (n =8 for each group). (C) Lung tissue injury was assessed by H&E staining at 1, 2, 3, and 5 dpi after infecting with 10
TCIDso and 10° TCIDs, pH1N1. Scale bar = 100 pum; original magnification = x200. Semiquantitative histological scoring of lung injury
(D) and infiltration (E). The heatmap of the concentration of cytokines and chemokines in the BALF (F) and serum (G) of both doses of
infected mice at the indicated dpi. Data are representative of two independent experiments and presented as mean + SD (n =3 for
each group). In Figure D and E, # and ### represent p <0.05, p <0.001, respectively, when the 10° TCIDs, group is compared to the
10° TCIDsq group. *** represents p <0.001 when the different dpi of 10> TCIDs, and 10° TCIDs, are compared to the control group.

Ctl = control; dpi=days post infection.

of HA were detected. As shown in Supplementary
Figure S1C, more infectious viruses could be detected
in high-dose infection group at 2, 3 and 5 dpi.
Immunohistochemical detection of HA was also
assayed in low-dose infection group. As shown in
Supplementary Figure S1D, the number of HA positive
cells was gradually elevated and peaked at 5 dpi. These
results suggested that high-dose pHINI infection
induced robust and earlier cytokine storms and were
associated with severe lung immunopathological
damage and high mortality.

pH1NT1 infection dose- and time-dependent
recruited neutrophils into the lung

Neutrophil activation not only functions as
a defender against infections, but it also causes tis-
sue damage and leads to inflammatory diseases [32].
With the significantly increased G-CSF, CXCL1, and
CCL2, neutrophils can rapidly migrate to inflamed
lung tissue. The percentage of neutrophils was ana-
lysed by flow cytometry and immunohistochemistry
at the indicated dpi in response to different



infection doses. The gating strategy was shown in
Supplementary Figure S2. As the infection pro-
gressed, a large number of neutrophils was immedi-
ately recruited into the lungs and peaked at 2-3 dpi
(Figure 2a-b). In the high-dose infection group, sig-
nificantly more neutrophils were recruited and
maintained for a longer time (Figure 2a-b). The
recruitment of neutrophils was further detected
and confirmed by immunohistochemistry and
showed similar results (Figure 2c-d). These results
demonstrated that high-dose pHIN1 infection
induced higher numbers and sustained recruitment
of neutrophils contributed to severe lung immuno-
pathological damage. It may help us understand the
threshold at which protective functions give way to
immunopathology.
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Recruitment of macrophages into the lungs was
infection dose- and time-dependent and higher
ratio of M1/M2 was polarized in the high-dose
infection group

Macrophages are essential to maintaining lung homo-
eostasis by initiating protective immune responses to
pathogens and preventing excessive inflammatory
responses via the balance between pro-and anti-
inflammatory M1/M2 subsets [16,17]. However, persis-
tent inflammation in macrophages also triggers an
overexuberant inflammatory response and tissue
damage by shifting to a high ratio of M1/M2 [33].
Our results also showed significantly high concentra-
tions of CXCL1, CCL2 and CCL3 in BALF, which can
recruit macrophages (Figure 1f, Supplementary Figure

(dpi)
3
g O 102 TCIDs,
6
o ET%
A\ o O 40
o 9
S X0
8 g2
Q c =20
S 55w
& Ngo
- ctl 1 2 3 5
Days post infection
Gated on CD45+ cells CD11b
c pH1N1 d
Ctl 1 2 3 5 (dpi)
K=}
g & O 102 TCIDs,
g ézso. 0 10°TCIDs,, ] 2
l_ ~ ok L
& @ 200 L
¥ 5 150~ r =
(<]
g 5 100-
=) [}]
] E 50=
S5
e &
e .g ct 1 2 3 5
S Days post infection

Figure 2. pHIN1 infection dose- and time-dependent recruited neutrophils into the lung.

(A and B) the percentages of

CD45"CD11b*Ly6G* neutrophils in the lungs were detected using flow cytometry at 1, 2, 3, and 5 dpi after being infected with 10?
TCIDso and 10° TCIDs, pHIN1. (C) Representative immunohistochemical images of Ly6G expression in the lungs of mice following
both doses at indicated dpi. Scale bar = 100 um; original magnification = x200. (D) Quantitative analysis of Ly6G positive cells in the
lung slices at the indicated dpi. Data are representative of two independent experiments and presented as mean + SD (n = 3 for each
group). In Figure B and D, # and ### represent p <0.05 and p <0.001, respectively, when the 102 TCIDso group is compared to the 10°
TCIDso group. ** and *** represent p <0.01 and p <0.001, respectively, when the different dpi of 10> TCIDs, and 10° TCIDs, are
compared to the control group. Ctl = control; dpi = days post infection.
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S1A). The percentage of macrophages was determined
by flow cytometry and immunohistochemistry at the
indicated dpi in response to different infection doses.
The gating strategy is shown in Supplementary Figure
S2. As the infection progressed, macrophages were
recruited to the lungs gradually, and significantly
more macrophages were recruited to the lungs in the
high-dose infection group at 5 dpi than the low-dose
(Figure 3a-b). A similar result was further confirmed by
immunohistochemistry (Figure 3c-d).

The polarization of macrophages in response to
different infection doses and time was further
detected. The results show that low-dose pHINI1
infection gradually increased M1 macrophage marker
genes Nos2 and Tnf-a and peaked at 3 dpi (Figure 4a)
and gradually decreased M2 macrophage marker

genes Mrcl (Figure 4b) [24,34]. Similarly, high-dose
infection also induced gradually increased Nos2 and
Tnf-a, but the peak of Nos2 and Tnf-a was advanced
to 2 dpi and 1 dpi, respectively (Figure 4a). High-dose
infection induced a more significant reduction of
Mrcl than low-dose infection at 1, 2, and 3 dpi
(Figure 4b). Furthermore, flow cytometry was also
used to detect the polarization of macrophages in the
lung at the indicated time. As shown in Figure 4c,e the
ratio of M1 macrophages was significantly elevated
and peaked at 3 dpi, and the ratio of M2 was gradually
reduced after low-dose infection. Similarly, high-dose
infection showed a gradually elevated proportion of
M1 and reduced proportion of M2 macrophages.
However, the peak of M1 was advanced to 1 dpi, the
ratio of M1 was significantly increased, and the ratio
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Figure 3. Dose- and time-dependent pH1N1 infection recruited macrophages into the lungs. (A and B) the percentages of CD45"F4/
80" macrophages in the lungs were detected using flow cytometry at 1, 2, 3, and 5 dpi after being infected with 10> TCIDs, and 10°
TCIDso pH1NT. (C) Representative immunohistochemical images of F4/80 expression in the lungs of mice following both doses at the
indicated dpi. Scale bar =100 pm, original magnification = x200. (D) Quantitative analysis of F4/80+ cells in the lung slices at the
indicated dpi. Data are representative of two independent experiments and presented as mean + SD (n = 3 for each group). In Figure
B and D, # and ### represent p <0.05 and p <0.001, respectively, when the 10% TCIDs, group is compared to the 10° TCIDso group. **
and *** represent p <0.01 and p <0.001, respectively, when the different dpi of 10> TCIDso and 10° TCIDs, are compared to the

control group. Ctl = control; dpi =days post infection.



of M2 was significantly decreased after high-dose
infection (Figure 4c-e). The M1/M2 is more represen-
tative of the pro-inflammatory state of macrophages
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which may help us understand the beneficial-to-
detrimental transition and regulate immunopathologi-
cal damage.

[35]. Our results showed that pHINT1 infection gradu-
ally increased the ratio of M1 and M2, but the ratio of
M1 and M2 was more significant in the high-dose
infection group than that in the lower-dose group
(Figure 4f). These results demonstrated that high-
dose pHINI1 infection recruited more macrophages
into the lungs and induced a higher ratio of M1/M2,

pH1NT1 infection dose- and time-dependent
activated STAT1 and STAT3

As there is a significantly elevated expression of IL-6,
IFNs, and G-CSF in BALF, their intracellular signalling
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pathways can be activated and mediate corresponding
functions. Here, the expression and activation of STAT,
mitogen-activated protein kinase (MAPK), and the pro-
tein kinase B (AKT) signalling pathway, including
STATI, STAT3, MEK, JNK, ERK, p38, and AKT, in
whole lung tissues were detected. pHINT1 infection sig-
nificantly increased and then gradually declined tran-
scription of STAT1 (Figure 5A). Compared with low-

dose infection, the peak of the high-dose infection
group was advanced from 2 or 3 dpi to 1 dpi
(Figure 5A). However, high- or low-dose pHINI infec-
tion only induced slightly elevated transcription of
STAT3 at 1 dpi (Figure 5B). Meanwhile, pHINI pro-
gressively increased STAT1 expression regardless of
infectious dose, and high-dose infection induced an
earlier significant increase in STAT1 expression.
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Similarly, the expression of STAT3 was constant
regardless of infection doses (Figure 5C,D). To detect
their activation, the phosphorylation of STAT1/3 was
also assayed.

As shown in Figure 5C,D the expression of p-STAT1
(Tyr701) was significantly increased from 2 dpi by low-
dose infection, but their significant increase advanced
to 1 dpi. Similarly, the expression of p-STAT3 (Tyr705)
was significantly increased at 5 dpi by low-dose infec-
tion, but their hyperactivation advanced to 0.5 dpi. The
phosphorylation and nuclear localization of STAT1/3
were further confirmed by immunohistochemistry and
showed similar results (Figure 5E-F). Although the
expression of MEK, JNK, p38, ERK, and AKT, did
not show obvious change, the activation of p-JNK was
significantly increased after infection, and high-dose
pHINI induced the earlier activation. AKT activation
was only progressively increased by high-dose infec-
tion. The activation of p-MEK and p-P38 show acute
elevation at 0.5 dpi and 2-3 dpi. The activation of
p-ERK was gradually impaired after infection
(Supplementary Figure S3). These results suggested
that STAT1 and STAT3 were activated after pHIN1
infection, and high-dose pHIN1 infection induced
robust and earlier activation, which may be associated
with the beneficial immunoprotective or detrimental
immunopathological.

Inhibition of STAT1 and/or STAT3 aggravated
low-dose pH1N1 infection induced lung damage
and decreased survival rate

The expression of IFNs and activation of STAT1/3 may
play antiviral immune protection or immunopatholo-
gical damage. Our previous reports found that neutra-
lization of IFNy in high-dose infection can alleviate
pathological damage [27]. Whether STATI and
STATS3 have a protective or deleterious role during low-
dose infection still needs further study. To better simu-
late the clinical case and situation, delayed oseltamivir
and/or STAT1/3 inhibitor treatment at 2 dpi in a low-
dose infection mice model was shown as a schematic
diagram in Figure 6A.

As shown in Figure 6B, Fludarabine, C188-9, or
Stattic monotherapy had no effect on the survival rate
of uninfected mice. The survival rate of mice in the
DMSO-treated control group was 40% after 10* TCIDs,
of pHINTI infection. Delayed Oseltamivir monotherapy
can improve the survival rate to 75%. However, delayed
Fludarabine, C188-9, or Stattic monotherapy signifi-
cantly reduced their survival rates to 10.5%, 12.5%,
and 0%, respectively (Figure 6B).
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Combined therapy with delayed Oseltamivir and
Fludarabine or C188-9 did not confer any additional
survival rate benefit compared to Oseltamivir mono-
therapy. Conversely, combined therapy with delayed
Oseltamivir and Stattic exacerbated the survival rate
more than delayed Oseltamivir monotherapy
(Figure 6B). Consistent with the survival rate data,
bodyweight loss in delayed Fludarabine, C188-9, or
Stattic treatment groups were more than Oseltamivir
treatment (Figure 6C). Pathological damage in the
lungs was also assessed and shown in Figure 6D,
DMSO-treated pH1NI-infected lungs showed excessive
lung damage, including diffused alveolar damage,
inflammatory infiltration and desquamation of bronch-
iolar epithelial cells.

Delayed Oseltamivir monotherapy merely alleviated
pathological ~damage slightly, whereas delayed
Fludarabine, C188-9, or Stattic monotherapy obviously
aggravated lung pathological injury, and combined
therapy also could not ameliorate lung pathological
injury compared to the control (Figure 6D). These
results demonstrate that the inhibition of STAT1/3
with delayed Fludarabine, C188-9, or Stattic treatment
did not provide survival benefits and pathological
improvement against 10>/ml TCIDs, pHIN1 infection.

Discussion

The emergence of pHIN1 in 2009 caused a pandemic
all over the world. Annual and occasional pandemics of
HIN1 viruses pose a significant health risk to people
worldwide. Mild influenza virus infection sees recovery
with a modest immune response. Our clinical data and
mouse model experiments revealed that severe pHIN1
infection presents with rapidly progressive pneumonia
characterized by extensive and diffuse alveolar damage
and multiple organ failures [3,9-11,13,36]. Respiratory
distress associated with immunopathological lesions is
the main cause of death in severely infected patients
[14,36]. We and others have found that exacerbated
pulmonary inflammatory response-induced immuno-
pathological damage plays a critical actor in the patho-
genesis of severe pneumonia, providing novel strategies
and targets for the treatment of severe influenza infec-
tion [3,10,11,14,15,36]. Rational host innate immune
system constitutes the first line of defence to eliminate
influenza virus and maintain immune homoeostasis.
An aberrant innate immune response is thought to
play an important actor in severe respiratory infection
[37]. Comparing of pHINI-induced innate immune
responses, including neutrophils, macrophages, virus
titres, cytokines/chemokines, and key signalling path-
way molecules at the indicated dpi of different
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Figure 6. Inhibition of STAT1 and/or STAT3 aggravated low-dose pH1N1 infection-induced lung damage and decreased survival rate.
(A) BALB/c mice were infected with 10? TCIDs, doses of pHIN1 and treated by different drug combinations at 2 dpi for 7 days.
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infectious doses is helpful to understand their immu-
noprotective or immunopathological effects. It also
helps us understand the threshold at which protective
functions give way to immunopathology and provides
us with potential adjunctive therapeutic targets and
strategies for alleviating influenza-induced pneumonia.

In this study, the differences of neutrophils, macro-
phages, cytokines/chemokines, virus titres, and key sig-
nalling pathway molecules mediated innate immune
responses and were detected using a mice model of
10*/ml and 10%/ml TCIDs, at the indicated days post
infection. Our results demonstrated that the degree of



pathological damage is related to the pHIN1 infectious
dose and time, massive numbers and more sustained
neutrophil infiltration, the preferred M1 macrophage
polarization, more infectious viruses, robust and earlier
cytokine storm, and their activated STAT1 and STAT3
are associated with high-dose infection, which induced
more severe lung immunopathological damage. The
inhibition of STAT1 and/or STAT3 with Fludarabine,
C188-9, or Stattic aggravated low-dose pHINI infec-
tion induced lung damage and decreased survival rate.
The beneficial or detrimental effects of innate immune
responses are in an infection time- and dose-dependent
manner. The severe innate immune responses are the
key reason that protective functions give way to immu-
nopathology. The double-edged sword function of the
innate immune responses should be considered when
choosing the adjunctive immunomodulatory therapy
for alleviating influenza-induced pneumonia.

Neutrophils are the pivotal innate immune cell of
defence against bacterial, fungal, and viral infections.
Neutrophils circulate in blood vessels and can rapidly
infiltrate the inflamed lungs of the infection, and they
exhibite a extensive range of effector functions to elim-
inate pathogens, including phagocytosis, production of
reactive oxygen species (ROS), degranulation, and the
formation of neutrophil extracellular traps [38].
However, while moderate neutrophil response can pro-
mote infection resolution [39], excessive neutrophil
activation also contributes to the tissue damage of
severe disease during the inflammatory process [40-
42]. Because neutrophil recruitment to the lungs is
related to disease severity during viral infections, neu-
trophils have been considered as the key role of disease
pathogenesis [40,43]. Thus, the functions of neutrophils
in influenza viral infection is complex, and the thresh-
old at which protective effects give way to immuno-
pathology is not well understood. Our experimental
results show that high-dose infection induced both
higher levels and earlier expression of CXCL1, which
may with chemotaxis recruit more neutrophils over
a longer period. Excessive and sustained neutrophil
recruitment in the lungs is associated with more serious
disease. To reduce neutrophil inflammation, further
research is needed to investigate the mechanisms by
which neutrophils exacerbate disease severity.

The pulmonary macrophage is another prominent
innate immune cell to combat infection and maintain
immune homoeostasis. After pHINI infection, mono-
cyte-derived macrophages which circulated in blood
can be recruited to the lungs. Mature macrophages
can switch their phenotypes and undergo functional
polarization. M1 macrophages produce elevated levels
of ROS and pro-inflammatory cytokines, such as IL-1p,

VIRULENCE (&) 1569

IL-6, IL-12, IL-23, and TNF-a, promote pathogen clear-
ance and regulate local immune responses. M2 macro-
phages produce anti-inflammatory cytokines, such as
IL-10 and TGF-B, to repair tissue and resolute inflam-
matory responses [44,45]. The equilibrium between the
elimination of pathogens and the magnitude of the host
response is critical for maintaining immune homoeos-
tasis. A well-coordinated macrophage response can
effectively eliminate pathogens [44,45]. However, dys-
regulated macrophage activation is also a key driver of
the progression of viral infections and disease.

Our results showed that the virus was replicating in
lung tissue, which were consistent with the lung pathol-
ogy. The results suggested that the pathogen associated
molecular pattern (PAMP) of virus can induce pattern
recognition receptor (PRR) activation and cytokine
release during the time course of infection. The virus
maybe inactivated by cytokines (IFNs), phagocytic cells,
antibodies and cytotoxic cells, as well as inducing
immune pathological damage.

Our results showed that large amounts of macrophages
immediately recruit into the lungs after pH1N1 infection,
which is consistent with the high concentration of chemo-
kines CCL2, CCL3, and CXCL1 in BALF. Changes in
different macrophage subsets, such as alveolar macro-
phages, inflammatory monocytes, and interstitial macro-
phages, should be further investigated. High-dose
infections did not make a noticeable difference on macro-
phage compared to neutrophils. Functionally polarized
subpopulations are more relevant to the physiological and
pathological functions of macrophages.

Our results suggested that an excessive or a prolonged
ratio of M1/M2 can lead to tissue injury and contribute to
pathogenesis. Dysregulated macrophages also initiate
uncontrolled cytokine release and develop cytokine storms.
Blocking the development of cytokine storms may be an
effective approach to improve patient outcomes, but thera-
pies that target individual cytokines show a limited function
due to the multiple of cytokines involved in the process of
infection. Dysfunctional balance of M1/M2 macrophage
polarization appears to play an important actor in the
development of cytokine storm. As potential treatment
strategies, therapeutic interventions targeting these cells
may be a more effective method than targeting specific
cytokines, and they may demonstrate beneficial in alleviat-
ing the cytokine storm-induced pathology and mortality of
severe infections.

In addition to dysfunctional macrophages (the main
source cells of inflammatory cytokines), their common
signalling pathway is another potential therapeutic tar-
get and strategy. The STAT1 and STAT3 are critical
transcription factors of the hallmark pro-inflammatory
cytokines of IL-6, IFNs, TNF-a, and G-CSF in BALF
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after influenza virus infection. STAT1, as a molecule
that responds to either IFNa or IFNy, can resolve
infections by viruses. The IFN response protects from
viral infection by inducing lots of interferon-stimulated
genes (ISGs), some of which encode antiviral effectors
[46]. Influenza-induced pulmonary inflammation is
enhanced in Stat]”~ mice [47]. Mice with disruption
of STAT1 Y701 phosphorylation suppresses anti-
influenza response [48]. Patients with STAT1 mutation
are more susceptible to infection with mycobacteria
and specific pathogenic viruse [49]. Fludarabine can
be used as a single drug or in combination with other
agents for the treatment of HIV-1 and hemato-
oncologic disorders [50,51].

However, it was also reported that the inhibition of
STATI1 with Fludarabine improved the survival rate,
decreased body weight loss, and alleviated lung damage
in severe influenza virus infection [52]. We and other
groups have found that STAT3 is highly activated after
influenza virus infection [53,54]. The inhibition of
STAT3 phosphorylation in HIN1 PR8 influenza virus-
infected BMDM can reduce the viral load [55]. To
further confirm the therapeutic effects of the STAT3
and STATI inhibitor, we also evaluated the immuno-
modulatory effects of Fludarabine, C188-9, and Stattic
during low-dose pHINT1 infection. In clinical situation,
patients usually cannot receive treatment until 2 dpi or
even later after the occurrence of symptoms after infec-
tion. Delayed therapy used in the mouse model can
better simulate the clinical settings [4].

However, the treatment with STAT1 and/or STAT3
inhibitors after low-dose pHIN1 infection will aggra-
vate pHINI1 virus-induced pathological damage, which
is manifested by the worsening of survival rate and
weight loss as well as the aggravation of immuno-
pathology in mice. This illustrates the potential protec-
tive effect of STAT1/3 in the 10*/ml TCIDs, dose of
pHINI infection. These data indicated that the immu-
noprotective or immunopathological effects of STAT1
in vivo depend on the virus strain, infectious dose, and
treatment time. Comprehensive assessment of the mag-
nitude of the host immune response after infection is
essential for the application of STAT1/3 inhibitors for
the treatment of pHINI infection. The signalling path-
way of Raf/MEK/ERK is a prerequisite for influenza
virus replication. Furthermore, the inhibition of this
intracellular signalling pathway leads to reduction of
influenza virus load [56]. We also found MEK, JNK
and P38 were activated, which may be associated with
pHINI replication.

In conclusion, our results demonstrated that
pHINI infection induced robust and earlier patho-
logical damage, and cytokine storm is infection

dose- and time-dependent. High-dose pHIN1 infec-
tion induced stronger and earlier innate immune
responses, including the massive and sustained
recruitment of neutrophils, dysregulated polariza-
tion of MI1/M2, excessive and earlier cytokine
storm and STAT1 and STAT3 activation. They also
contributed to severe lung immunopathological
damage. STAT1 and/or STAT3 function has an
immunoprotective role during low-dose pHINI
infection. Our results that suggested the beneficial
or detrimental effects of innate immune response is
infection time- and dose-dependent. Comprehensive
assessment of the magnitude of the host innate
immune responses at which protective functions
give way to immunopathology is essential for
adjunctive immunomodulatory therapy to alleviate
influenza-induced pneumonia.
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