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Vagal-a7nAChR signaling is required for lung anti-
inflammatory responses and arginase 1 expression during

an influenza infection

Zhao-wei Gao', Ling Li', Yuan-yuan Huang', Cai-qi Zhao', Shuang-jia Xue', Jie Chen', Zhong-zhou Yang?, Jin-fu Xu® and Xiao Su’

Vagal circuit-a7 nicotinic acetylcholine receptor (a7nAChR, coded by Chrna?) signaling can modulate lung proinflammatory

responses. Arginase 1 (ARG1) plays a crucial role in the resolution of lung inflammation. However, whether vagal-a7nAChR signaling
can regulate lung inflammation and ARG1 expression during an influenza infection is elusive. Here, we found that lung and spleen
IL-4" cells and lung ARG1 expression were reduced; however, bronchoalveolar lavage (BAL) protein and leukocytes and lung
inflammatory cytokines were increased in PR8 (A/Puerto Rico/8/1934, H1N1)-infected vagotomized mice when compared to the
control. In PR8-infected aZnAChR-deficient mice, lung Arg1, II10, and Socs3 expression and BAL Ly6C*TCD206" cells were reduced.
PR8-infected Chrna7 " recipient mice reconstituted with Chrna7 '~ bone marrow had a lower survival as compared to PR8-
infected Chra7"’* recipient mice reconstituted with Chrna7 """ bone marrow. Mechanistically, the activation of a7nAChR by its
agonist GTS-21 could enhance IL-4-induced Arg1 expression, reduced Nos2, and TNF-a expression in PR8-infected bone marrow-
derived macrophages (BMDM). Stimulation with IL-4 increased phosphorylation of STAT6 and activation of a7nAChR increased
STAT6 binding with the ARG1T promoter and relieved IL-4-induced H3K27me3 methylation by increasing JMJD3 expression in PR8-
infected BMDM. Inhibition of JMJD3 increased H3K27me3 methylation and abolished a7nAChR activation and IL-4 induced ARG1
expression. Activation of a7nAChR also reduced phosphorylation of AKT1 and contained FOXO1 in the nucleus. Knockdown of
Foxola reduced a7nAChR activation and IL-4 induced Arg1 expression in PR8-infected BMDM. Therefore, vagal-a7nAChR signaling

is a novel therapeutic target for treating lung inflammatory responses during an influenza infection.
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INTRODUCTION
Despite vaccination, influenza viral infection remains a major
threat to public health, especially among children and the elderly.
Influenza viruses replicate in the bronchial and alveolar epithelial
cells and induce inflammatory responses in the neighboring
pulmonary macrophages (M®). MO activation can be classified
into ‘classical activation’ (M1 phenotype) and ‘alternative activa-
tion’ (M2 phenotype). LPS and IFN-y can induce M® to be
polarized into M1 M®. M1 M® could upregulate the expression of
NOS2 and proinflammatory cytokines (such as TNF-q, IL-6, and
CXCL2). In addition, interleukin-4 (IL-4) and IL-13 are capable of
inducing the differentiation of M® into M2 M®. M2 M® could
express high levels of IL-10, SOCS3, and arginase 1 (ARG1), which
promote anti-inflammatory responses related to tissue healing
and repair [1]. As a result, M2 MO could inhibit influenza virus-
mediated lethal lung inflammatory responses and damage [2].

In the past decades, Tracey and his colleagues have found that
the cholinergic anti-inflammatory pathway via the regulatory
hub-spleen plays an important role in regulating systemic

proinflammatory responses [3-5]. But, another study has shown
that vagal efferent neurons in a rat model neither synapse with
splenic sympathetic neurons nor drive their ongoing activity [6].
Besides innervating the spleen, the vagus nerve can innervate the
distal airway and even the alveoli [7] and airway sensors [8]. The
vagal circuits between the lung and nervous centers in the nodose
ganglion and the nucleus of solitary tract in the brain stem form a
unique machinery named the pulmonary parasympathetic inflam-
matory reflex [9, 10]. Studies have shown that vagotomy and the
knockout of a7nAChR can aggravate lipopolysaccharide (LPS) or
Escherichia coli-induced acute lung injury (ALI) [11, 12]. The
aZ7nAChR*CD11b™ cells are important players in mediating the
protective effects of vagal-a7nAChR signaling [10].

Some reports have shown that prestimulation of human MO
with acetylcholine could attenuate influenza virus-mediated
release of proinflammatory cytokines [13] as the activation of
a7nAChR promotes LPS-induced conversion of M1 MO to M2 [14].
PNU-282987 (an a7nAChR agonist) treatment reduced lung mRNA
levels and the frequency of M1 M®, whereas cells expressing the
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M2-related markers, ARG1 (arginase 1), CD206 [15], and IL-10, were
increased in the LPS-induced lung injury model [16]. However,
whether vagal-a7nAChR signaling can regulate lung inflammation
and ARG1 expression (as a key indicator of M2 MQ® activation)
during an influenza infection is unknown.

It has been reported that STAT6 phosphorylation enhances the
expression of ARG1 in IL-4-stimulated MO [17]. In addition, that
FOXO1 and H3K27me3 epigenetic modification might regulate
the transcription of ARG1 in MO [18, 19]. Another study has shown
that the Jmjd3-Irf4 axis regulates M2 M® polarization and host
responses against helminth infection [20]. Also, AKT signaling has
been reported to be an important factor in MO activation and M1/
M2 polarization [21] as AKT could phosphorylate FOXO and lead to
the exclusion of FOXO from the nucleus to cytoplasm, hence
contributing to M2 MO activation [22]. Therefore, whether these
factors would affect vagal-a7nAChR signaling-regulated ARG1
expression during an influenza infection is worthy of investigation.

Here, we hypothesized that the disruption of vagal-a7nAChR
signaling would worsen influenza-induced lung inflammation and
that the activation of a7nAChR would boost IL-4-induced ARG1
expression in PR8-infected MQ®. Therefore, we studied the
following: (1) whether or not vagotomy and deletion of Chrna7
would affect influenza-induced lung inflammation and ARG1
expression; (2) whether or not the activation of a7nAChR would
affect IL-4-induced ARG1 expression in PR8 or Poly I:C-challenged
BMDM; (3) whether or not the activation of a7nAChR would
influence the binding of STAT6 with the ARG1 promoter in
influenza-infected M®; and (4) whether or not the activation of
a7nAChR would affect AKT1-FOXO1 signaling or JMJD3-
H3K27me3 methylation during IL-4-induced ARG1 expression

In this study, we have demonstrated that vagotomy reduced
lung IL-4 and ARG1 expression, increased bronchoalveolar lavage
(BAL) protein and leukocytes and lung inflammatory cytokines
during a PR8 infection. In PR8-a7nAChR-deficient mice, lung Arg],
1110, and Socs3 expression and BAL Ly6CtCD206% cells were
reduced. PR8-infected Chrna7"’™ mice reconstituted with
Chrna7~"~ bone marrow had a lower survival rate. In the in vitro
study, the activation of a7nAChR could enhance IL-4-induced Arg1
expression, reduced Nos2 and TNF-a expression in PR8-infected
M®. Mechanistically, activation of a7nAChR increased STAT6
binding with the ARG1 promoter, increased FOXOT1 retention in
the nucleus, reduced H3K27me3 methylation, and therefore
boosted IL-4 induced ARG1 expression in the PR8-infected MO.
These finding suggest that vagal-a7nAChR signaling is a novel
therapeutic target for treating influenza lung inflammation.

MATERIALS AND METHODS

Animals

C57BL/6 mice were housed in groups with 12-h dark-light cycles
and with free access to food. Chrna7-deficient (B6.129S7-
Chrna7"™"8%) and LysM“" mice from a C57BL/6 background were
purchased from the Jackson Laboratory (Bar Harbor, ME). Akt1™"
mice were obtained from Professor Zhong-zhou Yang, Model
Animal Research Center, Nanjing University. The operations were
performed under anesthesia which was induced with an
intraperitoneal (IP) injection of pentobarbital sodium (50 mg/kg).
The Committees on Animal Research of the Institut Pasteur of
Shanghai, Chinese Academy of Sciences, approved of the
protocols (Permit Number: A2014009).

Reagents

The Phospho-AKT1 (Ser473) (D7F10) XP Rabbit mAb was obtained
from Cell Signaling (Danvers, MA). Arginase | (H-52), STAT6 (S-20),
AKT1 (C-20), p-FKHR (Ser 256), and FKHR (H-128) antibodies were
from Santa Cruz Biotechnology (Santa Cruz, CA). GTS-21 dihy-
drochloride (DMBX-A), anti-STAT6 (phospho Y641), anti-KDM6B/
JMJD3, anti-Histone H3 (tri-methyl K27), and anti-Choline
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Acetyltransferase [EPR13024(B)] were from ABCAM (Cambridge,
MA). Mouse TNF alpha ELISA Ready-SET-Go, mouse IL-4 Recombi-
nant Protein, anti-mouse antigen F4/80 eFlour 450° antibody, anti-
mouse Ly-6G (Gr-1), anti-mouse Ly-6C, anti-mouse CD11b, anti-
mouse IL-4, anti-Mouse CD11c FITC, and anti-human/mouse
CD45R (B220) were from eBioscince (San Diego, CA). The Poly(l:
O (LMW) was from InvivoGen (San Diego, CA). The APC anti-
mouse CD206 (MMR) was from Biolegend (San Diego, CA). Rabbit
(DATE) mAb IgG XP Isotype Controls were from Cell Signaling
(Danvers, MA). The Mouse/Rat CCR2 Phycoerythrin MAb (Clone
475301) was from R&D Systems (Minneapolis, MN) and the CF633-
a-Bungarotoxin was from Biotium (Hayward, CA).

Bone marrow chimera experiments

To test the role of a7nAChR of bone marrow cells in mediating
IAV-induced lung inflammation, the Chrna7™* recipient mice
were lethally irradiated (6 Gy), to destroy their bone marrow, and
randomly divided into two groups. Then, these mice received
either Chrna7*’* or Chrna7~’~ bone marrow donor cells (5 x 10°
in each mouse) by a retro-orbital injection to reconstitute their
bone marrow. The mice were administered antibiotic-treated
water for 3 weeks and then used for experiments at ~8 weeks
after bone marrow transplantation. Using this protocol, at 8 weeks
after bone marrow transplantation, more than 90% of the
circulating hematopoietic cells were of donor origin.

Unilateral vagotomy

As we previously reported [10], right or sham cervical vagotomy
was performed with the animals under anesthesia (IP injection of
pentobarbital sodium, 50 mg/kg). The procedure involved a
longitudinal midline incision in the ventral region of the neck.
Using blunt dissection, the overlying muscles and fascia were
separated until the right vagus and carotid artery were visible. The
vagus was carefully stripped away from the carotid artery and
lightly cut off from the vagotomy group. The vagus was kept
intact in the sham group. The incision was sutured with a 7-0 silk
thread. The respiration rhythm was not affected by the unilateral
vagotomy. It was reported that the right nerve controls cardiac
function and thus this side was not chosen for vagus nerve
stimulation. In our study, upon comparing sham to vagotomy
mice receiving an intratracheal instillation of saline, there was no
difference in BAL cytokines and inflammatory cell profiles within
24 h. No mice died of heart failure after operating on the right side
for the vagotomy.

Influenza viral propagation

The influenza virus, mouse adapted A/Puerto Rico/8/1934(HTNT),
was kindly provided by Dr. Ertl HC [23] (Wistar Institute,
Philadelphia, PA, USA). PR8 was propagated in a 10-day-old
chicken embryo from specific-pathogen-free flocks (Beijing Merial,
China). Each egg was injected with 0.1 mL of phosphate-buffered
saline (PBS) containing ~10% infectious particles, incubated at 37 °
C with forced air circulation and egg rotation, and maintained at 4
°C for 12 h before harvesting. The allantoic fluid was harvested
separately from each egg. Those with high hemagglutinin activity
were pooled, and aliquots were prepared and stored at —80 °C.
The hemagglutinin titer of the above subtype of influenza virus
was measured with 1% chicken blood cell in a V-shaped plate.

Isolation and culture of BMDM

BMDMs were obtained by in vitro differentiation of the primary
femur and tibia BM cells as previously described [24]. Brieflly,
femurs and tibiae from wild type, Chrna7 =~ and LysM<"®* Akt 17"
mice were dissected, cleaned, disinfected in 70% ethanol, and
washed with fully supplemented RPMI-1640 medium. After lysing
erythrocytes, the BM cells were then cultured in a Petri dish (at a
density of 4 x 10° cells/10 cm dish) supplemented with 30% L929
cell-conditioned medium. This medium contained high levels of
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M-CSF, because murine bone marrow M®, or human monocytes
treated with M-CSF, differentiate into M® with an M2-like
phenotype, while those treated with GM-CSF differentiate into a
mixed population of dendritic cells and M1-like MO [25]. Cells
were matured to phenotypic MO over 6 days. Adherent cells were
recovered and infected with PR8 for the experiments.

Treatment strategy of BMDM

As Fig. 4b shows, we set up eight treatment strategies: the BMDMs
(5% 10°/well) received a7nAChR activation with GTS-21 (25 M in
PBS) for 30 min, IL-4 stimulation (10 ng/mL in PBS) for 6 h, and
then PR8 (2 MOI in PBS) influenza challenge for 18 h. The specific
treatments were listed in each figure. The cells were collected after
a 24-h culture was created to extract RNA and protein for analysis.

Animal viral infection

Male 8-10-week-old wild type, Chrna7~'~, or vagotomized mice
(with a C57BL/6J background) were used in the different
experimental conditions. Mice were anesthetized and then
intranasally given either a PR8 1.4 x 10* FFU (in 20 uL chorioal-
lantoic fluid) or vehicle.

Bronchoalveolar lavage

As described previously [12], BAL was done after euthanizing the
mice and then placing a 20-gauge catheter into the trachea
through which 1 mL of cold PBS was flushed back and forth three
times. A BAL supernatant was used for measuring protein
concentration. The BAL cells were quantified and lysed for
Western blotting analysis.

Preparing single cells from the digested lungs

Lungs were removed and washed twice in RPMI-1640 supple-
mented with 1% penicillin or streptomycin. The excised lungs
were minced, ground, and then transferred into a conical tube
containing 3 mL of digestive solution of collagenase type 1A 1
mg/mL plus type IV bovine pancreatic DNase 20 pg/mL in HBSS
containing 5% FBS, 100 U/mL penicillin, and 100 pg/mL strepto-
mycin). The samples were incubated for 30 min at 37 °C in a water
bath shaker. The cells were collected once separated by a
centrifuge for 10 min at 335 x g at 4 °C. The red cells were lysed by
adding ACK lysing buffer for 1 min at room temperature.

Flow cytometric analysis

As described [26], after unspecific staining was minimized through
pre-incubation for 15 min with anti-mouse CD16/32, the BMDM were
labeled with fluorescent primary or isotype antibodies. Fluorescent
cells were analyzed after the exclusion of debris and aggregates with
LSRFortessa (BD Biosciences, San Jose, CA). Data were analyzed by
FlowJo 7.6 (Tree Star Inc. Ashland, OR). All the experimental groups
regarding flow cytometry and appropriate isotype controls were
used to determine the gate selection. For simplicity, we did not show
all the controls in the corresponding figures.

Western blotting analysis

As previously described [11, 12], the cells were lysed in an ice-cold
lysis buffer containing 50 mM Tris—HCI (pH 7.5), 150 mM NadCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate (SDS), and a protease inhibitor cocktail (for cell signaling) as
well as a phosphatase inhibitor cocktail (Santa Cruz) for detecting
phosphorylation. Protein concentrations were determined using a
BCA Protein Assay Kit (Pierce). Denatured proteins (10-20 ug) were
loaded and run on a 10% Bis-Tris gel (Invitrogen, Carlsbad, CA).
The proteins were then transferred to a PVDF membrane and
incubated with primary antibodies. Membranes were exposed to
corresponding HRP-labeled secondary antibodies and developed
with an ECL kit (Amersham, Piscataway, NJ). Images taken were
analyzed using Tanon Gel Image System 4200 (Shanghai Tanon
Technology Co., Ltd., Shanghai, China).
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Quantitative real-time PCR

The total RNA from the lungs or cultured cells was homogenized
and extracted using Trizol (Invitrogen, CA), as described by the
manufacturer. The total RNA obtained was suspended in RNase-
free water and stocked at —80 °C. Real-time PCR was performed
on an ABI PRISM Step-One sequence-detection system (TIANGEN,
Bejing) by using a SYBR Green PCR Master Mix (Applied
Biosystems, Waltham, MA) after a reverse transcription reaction
of 2 ug of RNA by using M-MLV reverse transcriptase (TIANGEN,
Beijing). The relative expression levels of the corresponding genes
were determined by the 27227 method [27], normalized by
GAPDH. The mouse primer pairs were as follows:

Arg 1 F 5-AGACCACAGTCTGGCAGTTG-3’; R 5/-CCACCCAAATGA
CACATAGG-3'.

Fizz1 F 5'-TTTTGGGAGATCCAGAGTGG-3’; R 5'-CAAGAAGCAGGG
TAAATGGG-3'.

Ym1 F 5-GACAGGCCAATAGAAGGGAGTTTCA-3’; R 5-GACGGTT
CTGAGGAGTAGAGACCAT-3'.

Chrna7 F 5-TGGAAACCAGACATTCTCCTC-3'; R 5'-AGGGAGATA
CTGGCAATGCC-3'.

Nos2 F 5'-GGTCTTTGACGCTCGGAACTGTAG-3'; R 5'-CACAACTGG
GTGAACTCCAAGGTG-3'.

Cxcl2 F 5'-GCTGTCAATGCCTGAAG-3’; R 5-GGCGTCACACTCAAG
CTCT-3'.

1l6 F 5'-GGCCTTCCCTACTTCACAAG-3'; R 5/-ATTTCCACGATTTCC

CAGAG-3'.

110 F 5-CCCTTTGCTATGGTGTCCTT-3/; R 5/-TGGTTTCTCTTCCCA
AGACGC-3'.

Socs3 F 5-CCTTCAGCTCCAAAAGCGAG-3/; R 5-GCTCTCCTGCA
GCTTGCG-3'.

Foxola F 5'-CCCAGGCCGGAGTTTAACC-3’; R 5-GTTGCTCATAAA
GTCGGTGCT-3'.

Gpadh F 5-AGCCCAGGATGCCCTTTAGT-3/; R 5'-GACATGCCGC
CTGGAGAAAC-3'.

ChIP assay

Chromatin immunoprecipitation (ChIP) was performed using a
ChIP assay kit (Millipore, Billerica, MA) according to the
manufacturer’s instruction, with minor modifications. Briefly, 5 x
10° BMDM cells were spread in a six-well cell culture cluster
(Corning) and stimulated with and without GTS-21 (25 pM) and
then challenged with either PBS or PR8 (2 MOI). After stimulation,
the cells were cross-linked and then washed and resuspended in
an SDS lysis buffer. Nuclei were fragmented by sonication and
chromatin fractions were precleared with protein A-agarose beads
followed by immunoprecipitation overnight with an anti-STAT6
Ab or a control IgG. Cross-linking was reversed and proteinase K
digestion was performed. The input and immunoprecipitated DNA
were amplified by real-time PCR. The ratio of the amount of DNA
recovered relative to the input control was calculated. The primers
for detecting Agr1 were as follows:

Arg43-192 F 5'-GATGGGGAGGTTCTGTTGAC-3/, R 5'-GGGCTGTC
CAGCTCCTCT-3".

Arg532-655 F 5'-CCTGACAACCCAAAGCAGTT-3/, R 5-GGCACA
CGACAAAGACAACT-3'.

Arg796-907 F 5'-AATCGAAACGGAGCAATGGG-3/, R 5/-GCCTC
TCTCATCTGCCCTAG-3'.

Knockdown of Foxola

The oligos for shRNA- Foxola were as follows: forward 5’ CCG
GAGCGTGCCCTACTTCAAGGATAACTCGAGTTATCCTTGAAGTAGGG
CACGCTTTTTTG 3’ and reverse 5’ AATTCAAAAAAGCGTGCCCTAC
TTCAAGGATAACTCGAGTTATCCTTGAAGTAGGGCACGCT 3/, the
sequence was used as [28]. The oligos were mixed with 10x
NEB buffer 2, and annealed at 95 °C for 4 min and 70 °C for 10 min
then slowly cooled to room temperature. The annealed oligos
were cloned into lentiviral vector pLKO.1 (digested with Agel and
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EcoRl). Two micrograms shRNA PLKO.1, 1.5 ug psPAX2, and 0.5 ug
pMD2.G plasmids were co-transfected into 293T cells in one well
of a six-well plate. The virus-containing medium was harvested at
48 h and added to the BMDM presented with polybrene (1 pg/
mL). After incubation for 12 h, the virus-containing medium was
removed. The cells were replaced in a fresh medium, cultured
overnight, and then the treatment procedure listed in Fig. 4b was
followed in both the experimental and control groups.

Statistical analysis

For results regarding the qPCR, Western blot, and ChlIP assay, the
presentation in each figure is a representative result of two or
three independent experiments. Statistics were calculated using
SPSS software (SPSS Inc., Chicago, IL) or GraphPad Prism software
(GraphPad, San Diego, CA). An unpaired t-test was used unless
there were multiple comparisons, in which case we used one-way
ANOVA with a post hoc Bonferroni test (with a significance level of
P < 0.05). The results are shown as mean + SD.

RESULTS

Vagotomy reduces lung anti-inflammatory responses during an
influenza infection

We collected lung and spleen cells from saline-treated sham and
vagotomized mice and PR8-infected sham and vagotomized mice
to detect IL-4 (an inducer of M2 M® activation for anti-
inflammatory responses) expression by flow cytometry 6 dpi. We
found that the IL-4 expression in PR8-infected sham lungs and
spleens was increased as compared to that in the saline-treated
mice; however, the expression was reduced in the lungs and
spleens from PR8-infected vagotomized mice as compared to PR8-
infected sham ones (Fig. 1a-d). Considering that ChAT (choline
acetyltransferase) expressing CD4" T [3] and a7nAChR-expressing
CD11b* cells [10] might contribute to the development of lung
inflammation during influenza infection, we also analyzed these
cells. Lung CD4"CHAT" and a7nAChRTCD11b*" cells were
increased in PR8-infected sham mice but did not differ between
PR8-infected sham and PR8-infected vagotomized mice (Supple-
mentary Fig. 1a, b). Blood Ly6"CD206" (CD206, another M2 M®
marker) cells were increased in PR8-infected sham mice; however,
these cells were reduced in PR8-infected vagotomized mice as
compared to PR8-infected sham mice (Fig. 1e, f). Western blotting
demonstrated that lung ARG1 (an important anti-inflammatory
factor and M2 MO activation) expression was increased in PR8-
infected mice as compared to saline-treated sham mice, but was
reduced in PR8-infected vagotomized mice when compared with
PR8-infected sham mice (Fig. 1g, h). These findings suggested that
vagal circuits facilitate lung anti-inflammatory responses during an
influenza infection.

Vagotomy worsens lung inflammatory responses during an
influenza infection

We intranasally challenged sham and vagotomized mice with
either saline or PR8 and followed the body weight loss in these
saline or PR8-challenged sham or vagotomized mice. The body
weight loss during 6 days post PR8 infection was greater in PR8-
infected vagotomized mice than PR8-infected sham mice (Fig. 2a).
Using the same mode, BAL was collected at 6 dpi. It was found
that BAL protein levels and leukocyte counts were higher in PR8-
infected vagotomized mice than PR8-infected sham mice at 6 dpi
(Fig. 2b, c). Lungs were collected at 6 dpi to extract RNA for gPCR.
The lung Cxcl2 and 16 expressions were higher in PR8-infected
vagotomized mice than PR8-infected sham mice (Fig. 2d, e). Lung
cells were isolated for flow cytometry. Considering CCR2™"
inflammatory cells can be recruited into the PR8-infected lungs
in response to CXCL2, we analyzed CCR2"CD11b™ cells. We found
that lung CCR2"CD11b™ cell levels were increased in PR8-infected
vagotomized mice as compared to PR8-infected sham mice
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(Fig. 2f, g). Lung inflammatory M® (B220-CD11c*CD11b™) were
increased in PR8-infected vagotomized mice as compared to PR8-
infected sham mice at 6 dpi (Fig. 2h, i). These findings support the
hypothesis that vagal circuits suppress lung inflammatory
responses during an influenza infection.

Deletion of Chrna7 reduces lung anti-inflammatory responses and
survival in PR8-infected mice

We intranasally challenged Chrna7"’* and Chrna7~/~ mice with
either saline or PR8 (1.4 x 10* FFU/mouse). We removed the lungs to
measure Chrna7 and other anti-inflammatory (Arg1, lI10, and Socs3)
genes by qPCR at 6 dpi. We found that lung Chrna?, Argl, II10, and
Socs3 expressions were upregulated during the influenza infection;
but these genes were reduced in PR8-infected Chrna7 /'~ mice as
compared to PR8-infected Chrna7*’* mice at 6 dpi (Fig. 3a-d). We
isolated BAL cells for flow cytometry and found that BAL
Ly6CMCD206™ cells were increased in PR8-infected Chrna7 ™" mice;
however, these cells were reduced in PR8-infected Chrna7 "~ mice
as compared to PR8-infected Chrna7'* mice at 6 dpi (Fig. 3e, f).
These findings suggested that aZ7nAChR signaling favored M2 MO
activation during an influenza infection. We intranasally challenged
Chrna7*'" recipients receiving Chrna7*™’* donor bone marrow and
Chrma7+'* recipients receiving Chrna7~'~ donor bone marrow with
PR8 (1.4x 10* FFU/mouse). The mice were observed for 3 weeks
and we found that PR8-infected Chrna7™’" recipients receiving
Chrna7~'~ donor bone marrow had a reduced survival as compared
to PR8-infected Chrna7™" recipients receiving Chrna7™" donor
bone marrow (Fig. 3g), further supporting that a7nAChR expressed
by bone marrow cells facilitates anti-inflammatory responses during
an influenza infection.

Activation of a7nAChR increases IL-4-induced Arg1 expression but
reduces Nos2 and TNF-a expression in PR8-infected BMDM

We developed BMDM using L929 cell-secreted M-CSF stimulation
in the isolated bone marrow cells. By the flow cytometric analysis,
we confirmed that BMDM were 96.6% F4/80™ cells (Fig. 4a). To test
whether the activation of a7nAChR could regulate M2/M1 MO
activation genes Arg1/Nos2 in PR8-infected M®, we pretreated the
BMDM with eight different treating strategies (Fig. 4b). At 24 h,
Argl expression was increased, however, Nos2 expression was
reduced in the GTS-21 (a7nAChR agonist) treated PR8-infected IL-
4-induced BMDM as compared to the PBS-treated PR8-infected IL-
4-stimulated BMDM (Fig. 4c, d). TNF-a in the culture media, as an
M1 phenotype signature molecule, was found to be reduced in
the GTS-21 treated PR8-infected IL-4-induced BMDM as compared
to the PBS-treated PR8-infected IL-4-stimulated BMDM (Fig. 4e). By
Western blotting, we found that GTS-21 did not affect p-STAT6
levels in PR8-infected IL-4-stimulated BMDM, but significantly
increased ARG1 expression at the protein level as compared to
PBS-treated PR8-infected IL-4-stimulated BMDM (Fig. 4f). The other
M2 MO activation markers, Fizz and Ym1, were also found to be
increased in the GTS-21 treated PR8-infected IL-4-induced BMDM
as compared to the other group (Fig. 4g). These findings suggest
that activation of aZnAChR enhances M2 and suppresses M1 MO
activation in PR8-infected IL-4-induced BMDM.

Activation of a7nAChR promotes IL-4-induced ARG1 expression in
PR8-infected BMDM by reducing AKT1 phosphorylation and
enhancing binding of STAT6 with the ARG1 promoter

To test the specificity of GTS-21 on a7nAChR and the dependent role
of a7nAChR in mediating ARG1 expression in MO, we treated the
Chrna7™"* and Chrna7~'~ BMDM with either PBS or GTS-21, followed
with by PR8-challenge and IL-4 stimulation as stated in Fig. 4b. We
found that ARG1 expression in the GTS-21-treated (25 puM) PR8-
infected IL-4-stimulated-Chrna7™" BMDM was increased as com-
pared to the PBS-treated PR8-infected IL-4-stimulated-Chrna7™/*
BMDM. The ARG1 expression in the GTS-21-treated (25 puM)
PR8-infected IL-4-stimulated-Chrna7~/~ BMDM was lower than
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the ARG1 expression in the GTS-21-treated (25 uM) PR8-infected
IL-4-stimulated-Chrna7 ™ BMDM (Fig. 5a), suggesting that GTS-21
could specifically act on aZ7nAChR. To test whether the activation
of aZ7nAChR would affect p-AKT1, p-STAT6, and ARG1 levels in
PR8-infected IL-4-stimulated BMDM in a dose-dependent way, we
pretreated the BMDM with different doses of GTS-21 followed by
PR8 challenge and IL-4 stimulation. The Western blot demon-
strated that the activation of a7nAChR dose-dependently
increased ARG1, but reduced phosphorylation of AKT1 in the
PR8-infected IL-4-stimulated BMDM. The p-STAT6 expression did
not change with the GTS-21 pretreatment (Fig. 5b). GTS-21 at
50 uM did not further increase the expression of ARG1 in PR8-
infected IL-4-stimulated BMDM (Fig. 5b). We replaced PR8 with
Poly I:C to observe the dose-dependent effects of GTS-21 on
p-AKT1, p-STAT6, and ARG1 expression in IL-4-stimulated BMDM.
We found that GTS-21 at 25 uM also reduced p-AKT1, increased
ARG1, but did not change p-STAT6 in Poly l:C-challenged IL-4-
stimulated BMDM as compared to PBS-treated Poly I:C-challenged
IL-4-stimulated BMDM (Fig. 5c). GTS-21 at 50 uM did not further
increase the expression of ARG1 in Poly l:C-infected IL-4-
stimulated BMDM (Fig. 5c¢). To test the dose-dependent effects
of IL-4 in triggering the expression of ARG1 in the GTS-21-treated
PR8-infected BMDM, we used IL-4 (at concentration of 10, 25, and
50 ng/mL) to stimulate the GTS-21-treated PR8-infected BMDM.
We found that IL-4 at a concentration of 10 ng/mL was the optimal
concentration for inducing higher levels of ARG1 expression in the
GTS-21-treated PR8-infected BMDM (Fig. 5d). IL-4 stimulation
increased p-STAT6 expression, but this change was not in an IL-4-
dose-dependent manner (Fig. 5d). To examine whether the
activation of a7nAChR would increase STAT6 binding with the
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ARG1 promoter, we approached the ChIP assay and found that
Arg1 relative expression (% input) was increased in the anti-STAT6
antibody (Ab) immunoprecipitated group as compared to the
isotype Ab immunoprecipitated group in GTS-21-pretreated PR8-
infected BMDM at 7 h (Fig. 5e), indicating that a7nAChR activation
could enhance STAT6 binding with the ARG1 promoter in PR8-
infected BMDM.

Activation of a7nAChR promotes IL-4-induced ARG1 expression in
PR8-infected BMDM by regulating JMJD3-H3K27me3 methylation
Since H3K27me3 is a transcription repressor, we compared
H3K27me3 expressions using strategies listed in Fig. 4b. By flow
cytometric analysis, we found that H3K27me3 expression was
lower in the GTS-21-treated PR8-infected IL-4 stimulated BMDM
when compared with the PBS-treated PR8-infected IL-4 stimulated
BMDM. The GTS-21 treatment also reduced H3K27me3 expression
in PR8-infected BMDM as compared to PBS-treated PR8-infected
BMDM (Fig. 6a). These findings suggested that the activation of
a7nAChR mitigated the suppressive effects of H3K27me3 on
transcription. Considering JMJD3 (coded by Kdmé6b) is a key
regulator of H3K27me3, we measured Kdmé6b expression and
found that Kdméb was increased in the GTS-21-treated PR8-
infected IL-4 stimulated BMDM when compared with the PBS-
treated PR8-infected IL-4 stimulated BMDM (Fig. 6b). By Western
blotting, we confirmed that the expression of p-AKT1 was
reduced, JMJD3 was increased, and H3K27me3 was decreased in
the GTS-21-treated PR8-infected IL-4 stimulated BMDM when
compared with the PBS-treated PR8-infected IL-4 stimulated
BMDM (Fig. 6¢). We also found that the GTS-21 pretreatment
particularly reduced H3K27me3 expression when BMDM were
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Fig. 4 Activation of aZnAChR enhances M2 M® activation in IL-4-treated PR8-infected BMDM. a Histogram of F4/80 expression in BMDM.
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strategies listed in (b). Data in (c-g) were representatives of two independent experiments.

stimulated with an IL-4 no matter challenge with or without PR8
(Fig. 6d). The above results suggested that the activation of
a7nAChR might reduce the phosphorylation of AKT1 and
increased JMJD3 expression under IL-4 stimulation which modifies
H3K27me3 methylation. To test whether JMJD3 would regulate
ARG1 expression, we pretreated the GTS-21-treated PR8-infected
IL-4 stimulated BMDM with JMJD3 inhibitor-GSK-J1 and found that
the inhibition of JMJD3 reduced the ARG1 expression in the GTS-
21-treated PR8-infected IL-4 stimulated BMDM as compared to the
vehicle-pretreated GTS-21-treated PR8-infected IL-4 stimulated
BMDM (Fig. 6e). We further studied whether the deletion of Akt1
would affect JMJD3 and ARG1 expressions and H3K27me3
methylation in GTS-21-treated PR8-infected IL-4 stimulated
BMDM. By Western blotting, we found that JMJD3 expression
was reduced, H3K27me3 methylation was elevated, and conse-
quently ARG1 expression was reduced in the GTS-21-treated PR8-
infected IL-4 stimulated LysM“*Akt1"" BMDM as compared to
the GTS-21-treated PR8-infected IL-4 stimulated Akt1™" BMDM
(Fig. 6f). These findings indicated that the phosphorylation of
AKT1 and AKTT1 itself have deferential roles in regulating ARG1
expression in GTS-21-treated PR8-infected IL-4 stimulated BMDM.

Activation of a7nAChR promotes IL-4-induced ARG1 expression in
PR8-infected BMDM via suppressing phosphorylation of AKT1-
FOXO1 signaling

Considering that the phosphorylation of FOXO1 by AKT1 could lead
to exclusion of FOXO1 from the nucleus to cytoplasm [22], we first
studied the corresponding changes of p-FOXO1, p-AKT1, and ARG1

SPRINGERNATURE

“-" condition indicated PBS treatment.

expression in cell lysates by Western blotting. We found that
p-FOXO1 and p-AKT1 were reduced, while in contrast, ARG1 was
increased in the GTS-21 treated PR8-infected IL-4-stimulated BMDM
as compared to the PBS-treated PR8-infected IL-4-stimulated BMDM
(Fig. 7a). We then isolated the nucleus portion in the cultured cells to
measure the ratio of FOXO1 to p-FOXO1. We found that ratio of
FOXO1/p-FOXO1 in the nucleus was markedly increased in the GTS-
21 treated PR8-infected IL-4-stimulated BMDM as compared to the
PBS-treated PR8-infected IL-4-stimulated BMDM (Fig. 7b). Consider-
ing that FOXO1 is a positive regulator of M2 M® activation genes
(Argl, Fizz1, and IL-13ral) [18], we built scrambled shRNA and
Foxola shRNA constructs in Lentivirus. After the BMDM was infected
with scrambled shRNA and Foxola shRNA Lentivirus constructs, we
found that the knockdown of Foxola (Fig. 7c) markedly reduced
Arg1 expression in the GTS-21 treated PR8-infected IL-4-stimulated
BMDM as compared to the scrambled shRNA infected GTS-21
treated PR8-infected IL-4-stimulated BMDM (Fig. 7d). To test whether
the deletion of Akt7 from BMDM would affect p-FOXO1 and ARG1
expression, we compared GTS-21-treated PR8-infected IL-4-
stimulated Akt1"" BMDM and LysM“¢*Akt1™ BMDM. We found
that p-FOXO1 and ARG1 expression was reduced in the GTS-21
treated PR8-infected IL-4-stimulated LysM“**Akt1™ BMDM as
comf?ared to the GTS-21 treated PR8-infected IL-4-stimulated
Akt1”" BMDM (Fig. 7e). These findings also support the hypothesis
that AKT1 existence is required for ARG1 expression in M®, and its
role is different from the phosphorylation of AKT1.

In summary, vagal circuit-a7nAChR signaling boosts lung anti-
inflammatory responses and increases ARG1 expression during an
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b

Activation of a7nAChR boosts ARG1 expression
ZW Gao et al.

38 kDa—

\ ' ARG1
g STATE' 94 kDa—

d | Chrna7*/* il Chrna7” | 38 kDa —
94 kDa — [ = srargron 24 KDa— -
38 kDa— o I ) ARG1  53KDa—|p wi ! T THTTH

43 kDa— JIITTE

p-AKT15er473 63 kDa—|
60 kDa—]

ARG1/B-actin oos 0.0 004 059125 0631006 0.020.03 0.09 0.46 0.15
I
GTS-21 - 25 - 25 501 - - 25 - 25 50uM
I

PR8 -

GTS-21 p—

- BRS - 10 2550 |- 10
TR T M R = = m o o ok

+ + ++ +

d . .

94 kDa—| SRR SRR e a0 STATE
90 kDa — (P D S50 S 0 e o o B o W . (<77
S TR LT | e
1310 - (OO DB SB® .
GIS2L= = = = - - - ¥ + o+ +
PR8 - + o+ o+ o+

i
E

i+ o+ o+ o+
;

i

:

:

i

| —0‘20 GTS-21 - 1025 505-10 25501 - 10 2550uM
- - 10 25 50uM .
**E LL ey Poly I:C Sl A 4+ 100,/mI
, | :
e 15 **
=

- - **

5@65

2 g7 10 2

S 2%

x <

= o > BB

=2 Qo

o5 < £

< ©

< v G

(-
0 T T T T T
GTS-21 25 - 25 - 25pum

PR8 * -~ # 4

IgG Anti-STAT6 Ab

Fig. 5 Activation of aZnAChR reduces AKT1 phosphorylation and increases p-STAT6 binding with ARG1 promoter. a Changes of ARG1,

and p-STAT6 in GTS-21-PR8-IL-4 treated Chrna7*’* or Chrna7~'~ BMDM.

The Chrna7*'* or Chrna7~'~ BMDM were treated according to the

procedures listed in Fig. 4b. Two concentrations of GT-21 (25 and 50 uM) were used. b Using Western blot to detect dose-dependent effects of
GTS-21 on ARG1, p-STAT6, and p-AKT1 in the GTS-21-PR8-IL-4 treated BMDM following procedure of Fig. 4b. GTS-21 concentration was chosen
at 0, 10, 25, and 50 pM. ¢ Using Western blot to detect dose-dependent effects of GTS-21 on ARG1, p-STAT6, and p-AKT1 in the GTS-21-Poly I:C-
IL-4 treated BMDM following procedure of Fig. 4b. GTS-21 concentration was chosen at 0, 10, 25, and 50 uM. The Poly I:C concentration was
100 pg/mL. d Dose-dependent effect of IL-4 on p-STAT6 and ARG1 detected by Western blot. Experiments followed the procedures listed in
Fig. 4b, but IL-4 concentration was chosen at 0, 10, 20, and 50 ng/mL. Data presented in Fig. 2a-d were repeated at least in two independent
experiments. e Detecting STAT6 binding with Arg1 promoter by ChIP assay. The BMDM were treated GTS-21 (25 pM) for 30 min followed by

PR8 (2 MOI) challenge for 6 h. The control groups received PBS. The data were pooled from three independent experiments,

u_n

condition

indicated PBS treatment, **P < 0.01 in the indicated groups, unpaired t test.

influenza infection. In PR8-infected IL-4-stimulated MO, activation
of a7nAChR could augment IL-4-induced ARG1 expression via
STAT6, JMJD3-H3K27me3, and AKT1-FOXOT1 signaling (Fig. 8).

DISCUSSION

In this study, we have found that the disruption of vagal circuits
could reduce lung and spleen IL-4 expression during an influenza
infection. ARG1, an M2 MO activation marker, was reduced in PR8-
infected vagotomized mice. BAL protein and leukocytes and lung
M1 MO activation genes (Cxcl2 and Il6) were increased in PR8-
infected vagotomized mice. In PR8-a7nAChR-deficient mice, lung
M2 MO activation genes: Argl, 1l10, and Socs3 and BAL
Ly6C*CD206" cells were reduced. The PR8-infected bone marrow
a7nAChR™™ mice had a lower survival. In the in vitro study,
activation of a7nAChR could enhance IL-4-induced Argl expres-
sion and reduce Nos2 and TNF-a expression in PR8-infected M®.
Mechanistically, activation of a7nAChR boosted IL-4 induced ARG1
expression in the PR8-infected MO via STAT6, JMJD3-H3K27me3,
and AKT1-FOXO1 signaling.

The pulmonary parasympathetic inflammatory reflex has afferent
and efferent arcs, which could modulate lung infection and
immunity [9, 10, 29, 30] as the distal airways and alveoli are
innervated by vagus nerve endings [7]. A study has shown that
peritoneal ACh levels were reduced at days 1, 3, and 7 post
vagotomy and that this change altered resting peritoneal lipid
mediator profiles and increased peritoneal leukocyte recruitment
[31]. Previously, we measured AChE activity in alveolar proin-
flammatory cells and BAL choline concentrations in E. coli
pneumonia and found that the AChE activity and choline levels
in the BAL cells were increased [12]. The ACh concentration,
however, did not increase in the BAL in E. coli pneumonia, which is
consistent with the rapid hydrolysis of ACh (half-life, 2 min)
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occurring after ACh release from nerve endings [32]. During an
influenza infection, the ChAT-expressing immune cells, especially
the CD4™ T cells, might synthesize acetylcholine [3, 33]. We found
that CD4TChAT" cells were increased in PR8-infected sham mice,
but did not differ between PR8-infected sham and vagotomized
mice. This finding indicated that CD4"CHAT" cells might contribute
to ACh production in PR8-infected sham mice’s lungs. Thus, we
speculate that the disruption of vagal circuits might reduce lung
ACh, which impairs the activation of a7nAChR expressed by the
adjacent MO®. As reported, the resident M® and recruited
monocytic cells expressed a7nAChR in the lung [10-12]. The
a7nAChR"CD11b™ cells were increased in PR8-infected lungs but
did not differ between PR8-infected sham and vagotomized mouse
lungs. The finding also suggested that the reduced activation of
a7nAChR resulting from vagotomy might compromise M2 MO
activation. More importantly, lung IL-4 expression was significantly
reduced in the PR8-infected vagotomized lungs versus in the PR8-
infected sham lungs. This change might majorly account for the
reduced M2 MO activation under vagotomy conditions.

M2 MO activation can express a variety of signature genes, such
as Argl, Fizz, Ym1, and Il10. In this study, we aimed to study
whether and how the activation of a7nAChR would affect M2 M®
activation. We knew that it is impossible to examine all the
signature gene changes; we simply selected ARG1 as our target. It
is reported that IL-4 stimulation could alter arginine metabolism
by inducing ARG1 expression and inhibiting nitric oxide produc-
tion in M®. The induction of Arg1 transcription by IL-4 stimulation
requires a composite DNA response element for STAT6 [34]. In our
study, the ChIP assay demonstrated that the activation of
a7nAChR by GTS-21 could increase STAT6 binding with the
ARG1 promoter in PR8-infected BMDM, which provides a
molecular basis for synergizing with IL-4 stimulation to boost
M2 activation in M® under an influenza challenge.
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Fig. 6 Activation of aZnAChR increases IL-4-induced ARG1 expression depending on JMJD3-H3K27me3 methylation signaling. a Flow
cytometric analysis of H3K27me3 expression in GTS-21-PR8-IL4-treated BMDM following the procedure in Fig. 4b. The percentage of positive cells
was listed. The results were repeated in two independent experiments, *P < 0.05 in the indicated groups, unpaired t test. b qPCR analysis of Jmjd3
in the GTS-21-PR8-IL4 treated BMDM. Cells were treated with GTS-21 and PR8 according to Fig. 4b procedure except IL-4 treatment for 1 h. The
RNA was extracted for qPCR. **P < 0.01, One-way ANOWA. ¢ Using the procedure as listed in Fig. 4b, the cells collected for Western blot for
detecting p-STAT6, p-AKT1, ARG1, JMJD3 and H3K27me3. The histone 3 was used as a control. d Effect of activation of a7nAChR on H3K27me3 in
PR8, IL-4, or PR8 + IL-4-stimulated M®. “-" condition indicated PBS treatment. e Effect of GSK-J1 on ARG1 expression in GTS-21-PR8-IL-4-treated
BMDM. The BMDM were pretreated with either vehicle or GSK-J1 (30 nM) for 15 min, then went through the protocol listed in Fig. 4b. “-” condition
indicated PBS treatment. f Effect of deletion of Akt7 in myeloid cells on expression of JMJD3, H3K27me3, and ARG1 in GTS-21-PR8-IL-4-treated
BMDM. The results in Fig. 6¢c-f were repeated in at least two independent experiments followed the experimental setting in Fig. 4b.
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Fig. 7 Activation of aZnAChR augments IL-4-induced ARG1 expression relying on AKT1-FOXO1 signaling. a Effect of GTS-21 on FOXO1/p-
FOXOT1, AKT1/p-AKT1, and ARG1 in IL-4 stimulated PR8-infected BMDM. The BMDM were treated with strategies listed in Fig. 4b. Experiments were
repeated two times. b Analysis of nuclear p-FOXO1/FOXO1 ratio in GTS-21 treated IL-4-stimulated PR8-infected BMDM. The BMDM were treated
using treating conditions in the Fig. 4b except IL-4 stimulation was given for 1 h instead of 18 h. The results were repeated two times. ¢, d The
efficiency and effect of knockdown of Foxola on Argl expression in GTS-21 treated IL-4-stimulated PR8-infected BMDM. The BMDM were first
given Scrambled ShRNA and Foxola ShRNA treatment and then received treatment using strategies listed in Fig. 4b. Data were pooled from three
experiments. *P < 0.05, **P < 0.01, unpaired t test or One-way ANOVA. e Effect of deletion of Akt in myeloid cells on p-STAT6, p-AKT1, p-FOXO1,
and ARG1 in a7nAChR-activated IL-4-stimulated PR8-infected BMDM. The Akt1™" and LysM“" Akt1™" bone marrow cells were isolated and BMDM
cells were developed. The cells were treated following the procedure listed in Fig. 4b. The results were repeated at least two times.

The PI3K/AKT pathway is an important signaling pathway that and AKT2 ablation results in an M2 phenotype [37]. In this study,
regulates inflammation. PI3K plays a key role in phosphorylating we found that the activation of a7nAChR reduced p-AKT1°*’® and
AKT1, and the latter can then affect alternative MO activation upregulated the IL-4-induced ARG1 in PR8-stimulated MO.
[35, 36]. In LPS-stimulated M®, AKT1 ablation gives rise to an M1 However, in PR8-infected LysMC’”AktIﬂ/ﬂ BMDM, GTS-21
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Fig. 8 Hypothetic model: activation of aZnAChR boosts ARG1
expression in the influenza-infected macrophages. When vagus
nerve is intact, acetylcholine release is normal. Influenza infection
can increase lung a7nAChR, CHAT, and IL-4 expression, which
facilitates the development of anti-inflammatory responses. Activa-
tion of a7nAChR could increase STAT6 binding with ARG1 promoter.
In PR8-infected IL-4-stimulated M®, activation of a7nAChR can
reduce phosphorylation of AKT1 and exclusion of FOXO1 from
nucleus, and increase JMJD3 expression by which suppressing
H3K27me3 methylation. These changes augment ARG1 expression
in M2 macrophages. In contrast, vagotomy compromises acetylcho-
line release and expression of IL-4 during influenza infection. The
reduction of activation of a7nAChR and IL-4 mitigates STAT6
binding with ARG1 promoter, promotes exclusion of FOXO1 from
nucleus, and increases H3K27me3 methylation. These changes
impair lung anti-inflammatory responses and ARG1 expression.

pretreated IL-4 induced ARG1 expression was suppressed. There-
fore, we speculate that AKT1 itself and phosphorylation of
AKT1°*® might regulate ARG1 expression in IL-4 induced PRS-
infected BMDM differently.

In the GTS-21-treated PR8-infected IL-4-induced BMDM, the
activation of aZ7nAChR reduces p-AKT1. Lower p-AKT1 coincided
with higher JMJD3 expression at both mRNA and protein levels.
Meanwhile, the GTS-21-treated PR8-infected IL-4-induced BMDM
had a reduced H3K27me3 expression as compared to the PBS-
treated PR8-infected IL-4-stimulated BMDM. It is reported that IL-4
treatment of human monocytes could increase the transcription of
Kdmé6b [38]. Thus, the reduction of p-AKT1 and IL-4 stimulation
might cooperatively boost Kdmé6b expression in the GTS-21-
treated PR8-infected IL-4-induced BMDM. Furthermore, the
activation of a7nAChR could reduce p-AKT1 and p-FOXO1, which
retains FOXO1 in the nucleus to enhance IL-4-induced Argl
transcription [18, 39]. The knockdown of Foxola could abolish the
upregulated Arg1 transcription in GTS-21-treated PR8-infected IL-
4-induced BMDM, suggesting that FOXO1 is a key regulator in
boosting Arg1 transcription in GTS-21-treated PR8-infected IL-4-
induced BMDM. There is an evidence showing that FOXO1
overexpression promotes H3 acetylation and phosphorylation,
and reduces H3 methylation [40]. Therefore, a7nAChR boosting
Arg1 transcription in PR8-infected IL-4-induced BMDM might allow
for synergism between JMJD3-H3K27me3 and FOXOT1 signaling.

Different from the effect of the reduction of phosphorylation of
AKT1 on ARGT1 transcription, the knockout of AKT1 reduces Arg1
transcription in GTS-21-treated PR8-infected IL-4-induced BMDM by
suppressing JMJD3 expression and increasing H3K27me3 expres-
sion. Thus, we consider that AKT1 itself is a positive regulator of
ARGT1 expression in monocytic cells during influenza-induced lung
inflammation. It needs to be noted that we cannot exclude the
other AKT isoforms play a role in mediating Arg7 expression, for
example, AKT2 could also regulate pulmonary inflammation and
fibrosis via modulating macrophage activation [41].

A study has demonstrated that GTS-21 has cell-specific anti-
inflammatory effects, which are independent of a7nAChR [42]. In
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the present study, GTS-21 could not boost ARG1 expression in
PR8-infected IL-4-induced BMDM from Chrna7 ’~ macrophages.
Our result indicates that GTS-21 specifically acts on a7nAChR. To
exclude the role of a7nAChR in the other type of cells, we
approached the bone marrow transplantation mouse model to
figure out the role of a7ZnAChR in bone marrow cells in regulating
influenza-induced lung inflammation. As shown in Fig. 3g, we
have demonstrated that wild-type mice receiving Chrna7 '~ bone
marrow-derived cells had higher mortality, supporting the
hypothesis that activation of a7nAChR in bone marrow cells
might favor M2 MO activation and dampen M1 type proinflam-
matory responses in lung inflammation due to an influenza
infection. One study has shown that aZnAChR knockout mice had
more body weight loss than wild-type mice after cigarette smoke
exposure and HIN2 infection [13], which supports our findings
from an inflammatory point of view.

Meanwhile, we have extensively studied whether activation of
a7nAChR would affect virus replication in the influenza-infected
lungs. We found that activation of a7nAChR could promote
influenza replication in the lung epithelial cells. Mice with
vagotomy or knockout of a7nAChR had lower viral titers in
influenza-infected lungs. We have also elucidated the possible
mechanisms by which activation of a7nAChR promotes influenza
replication in lung epithelial cells (unpublished data). The findings
in Fig. 3g supported that a7nAChR expressed by bone marrow-
derived cells (rather than lung epithelial cells) contributes to
reduction of influenza lung inflammation.

Many experiments have demonstrated stimulation of vagus
nerve could suppress inflammatory responses via activation of
a7nAChR in macrophages [3, 5, 30]. Activation of a7nAChR in
macrophages inhibits LPS or Poly I:C induced NF-kB activation or
triggers similar anti-inflammatory responses. It is reported that in
LPS-challenged microglia, activation of a7nAChR inhibits the
transformation of M1 microglia and promotes the M2 phenotype
[14]. TLR3 agonist Poly I:C also induced M2 macrophage activation
[43]. In our study, we found that Poly I:C did not increase ARG1
expression; however, activation of a7nAChR could significantly
increase IL-4-triggered ARG1 expression (Fig. 5¢) in Poly I:C-
challenged macrophages. Therefore, vagotomy or knockout of
a7nAChR could mitigate LPS or Poly I:C induced M2 macrophage
activation.

In summary, vagal-a7nAChR signaling is required for lung anti-
inflammatory responses during an influenza infection. The
activation of a7nAChR boosts IL-4-induced ARG1 expression in
M® via STAT6, JMJD3-H3K27me3 methylation, and AKT1-FOXO1
signaling.
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